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ABSTRACT
SOME ASPECTS OP NMR SHIFT 
REAGENT CHEMISTRY
b y
CARMEN P .  PACHECO
S h i f t  r e a g e n t s  a r e  t h e  m ain  s u b j e c t  o f  t h e  p r e s e n t  w o rk ; f o u r  
a s p e c t s  a r e  i n v e s t i g a t e d .  T hey  a r e :
1) S y n th e s i s  o f  new o p t i c a l l y  a c t i v e  s h i f t  r e a g e n t s .  E f f o r t s  
t o  s y n t h e s i z e  t h e  { 3 -d ik e to n e  t h a t  w o u ld  s e r v e  a s  t h e  l i g a n d  w e r e ,  
h o w e v e r , u n s u c c e s s f u l .
2 ) D e te r m in a t io n  o f  co m p lex  f o r m a t io n  s h i f t s  (C F S ),  u s i n g  
L a (d p m )3 a s  t h e  d ia m a g n e t i c  c o m p le x . P y r i d i n e  an d  a  s e r i e s  o f  
a l i p h a t i c  s u b s t r a t e s  a r e  s t u d i e d  a n d  i n  a l l  c a s e s ,  t h e  CFS a r e  fo u n d  
t o  b e  o f  a  s m a l l  m a g n i tu d e .  T he c h a n g e  i n  c o u p l in g  c o n s t a n t s  s u p p o r t s  
t h e  i n t e r p r e t a t i o n s  i n  p r e v io u s  i n v e s t i g a t i o n s  w h ic h  a t t r i b u t e d  s u c h  
c h a n g e s  t o  s u b s t i t u e n t  o r  c o n f o r m a t io n a l  e f f e c t s .
3) C o r r e l a t i o n  b e tw e e n  g e o m e try  a n d  l a n t h a n i d e - i n d u c e d  s h i f t s .  
A s e r i e s  o f  c o o r d i n a t e s  a r e  d e r i v e d  fro m  X -ra y  a n a l y s i s  o f  com pounds 
s i m i l a r  t o  b o m e o l ,  f o r  w h ic h  in d u c e d  s h i f t s  a r e  m e a s u re d .  S e v e r a l  
m o d e ls  a r e  t e s t e d  t o  d e te r m in e  t h e  im p o r ta n c e  o f  s i m p l i f i c a t i o n s  
g e n e r a l l y  c o n s i d e r e d  when s i m i l a r  a n a ly s e s  a r e  p e r f o r m e d .
xiii
4) D e te r m in a t io n  o f  e q u i l i b r i u m  c o n s t a n t s  a n d  s t o i c h i o m e t r y  
b e tw e e n  s h i f t  r e a g e n t s  a n d  s e v e r a l  s u b s t r a t e s .  A new m e th o d  f o r  
t h e  d e t e r m in a t i o n  o f  t h e s e  f a c t o r s  i s  d e v e lo p e d .  B e s id e s  t h e  s im ­
p l i f i c a t i o n  o v e r  p r e v i o u s  known m e th o d s ,  t h e  p r e s e n t  p r o c e d u r e  u n ­
e q u i v o c a l l y  d i f f e r e n t i a t e s  t h e  s t o i c h i o m e t r y  o f  t h e  a d d u c t s  b e in g  
fo rm e d  a n d  t h e  i n t e r f e r e n c e  fro m  o t h e r  e q u i l i b r i a  t h a t  w e re  p r e v i o u s l y  
i g n o r e d .
xiv
HISTORICAL BACKGROUND
N u c le a r  m a g n e t ic  r e s o n a n c e  (nm r) i s  a  p o w e r f u l  t o o l  f o r  t h e  
o r g a n i c  c h e m i s t ,  b e c a u s e  o f  t h e  h e l p  i t  p r o v i d e s  i n  e l u c i d a t i n g  th e  
s t r u c t u r e  o f  co m pounds. I n  m any c a s e s ,  h o w e v e r , c o m p l i c a t e d  s p e c t r a l  
p a t t e r n s  r e s u l t  ( e s p e c i a l l y  f o r  p r o t o n s ,  pm r) fro m  w h ic h  o n ly  l i m i t e d  
i n f o r m a t i o n  i s  a v a i l a b l e .  T h is  s i t u a t i o n  a r i s e s  b e c a u s e  o f  a  s u p e r -  
i m p o s i t i o n  o f  s i g n a l s  c o r r e s p o n d in g  t o  s e v e r a l  n u c l e i .  I t  h a s  b e e n  
fo u n d  t h a t  t h e  a d d i t i o n  o f  a  s h i f t  r e a g e n t  ( t h a t  i s  a  l a n t h a n i d e  com­
p l e x )  t o  t h e  s a m p le  u n d e r  i n v e s t i g a t i o n  o f t e n  s h i f t s  t h e  s i g n a l s  o f  
q u a s i - m a g n e t i c a l l y  e q u i v a l e n t  n u c l e i  i n  d i f f e r e n t  p r o p o r t i o n s  s u c h  
t h a t  t h e  r e s u l t i n g  s p e c t r a  c a n  b e  d i r e c t l y  a n a ly z e d  ( f i r s t  o r d e r ) .
H in c k le y * ,  a  p i o n e e r  i n  t h i s  f i e l d ,  d e s c r i b e d  i n  1969 how t h e  
s p e c tr u m  o f  c h o l e s t e r o l  w as a f f e c t e d  by  t h e  a d d i t i o n  o f  s m a l l  am o u n ts  
o f  Eu (dpm) 2 * ( p y r id i n e )  2  (dpm = d i p i v a l o y lm e th a n a t o  1_, w h e re  R = R" = 
t e r t - b u t y l  a n d  R ' = H ) . S in c e  t h a t  t i m e ,  s e v e r a l  s h i f t  r e a g e n t s  h a v e
b e e n  s y n t h e s i z e d ,  h u n d re d s  o f  o b s e r v a t i o n s  h a v e  b e e n  r e p o r t e d  an d
2 -5s e v e r a l  r e v ie w s  h a v e  b e e n  w r i t t e n  on t h e  s u b j e c t
The s e v e r a l  s h i f t  r e a g e n t s  known up t o  d a t e  p r e s e n t  t h e  f o l l o w ­
i n g  common c h a r a c t e r i s t i c s :
1) T hey  a r e  c o m p le x e s  b e tw e e n  a  l a n t h a n i d e  i o n  a n d  t h r e e  
m o le c u le s  o f  a  6 - d i k e t o n e :
0  O
H II
Ln ( I I I ) +  3 -+ Ln (RCOCR’ C O R "),
R | R" J
R '
I 2
2) T hey  a r e  r e l a t i v e l y  s t a b l e  a n d  s o l u b l e  i n  a  nu m b er o f
o r g a n i c  s o lv e n ts * * ;
3) T hey  a r e  c a p a b le  o f  e x p a n d in g  t h e i r  c o o r d i n a t i o n  n u m b e r, 
a n d  s o ,  a s s o c i a t i o n  w i t h  o n e  o r  m o re  L e w is  b a s e s  ( s u b s t r a t e )  i s  p o s s i b l e
4) When s u c h  a s s o c i a t i o n  o c c u r s ,  t h e  s i g n a l s  o f  n u c l e i  i n  t h e  
b o n d in g  m o le c u le  a r e  s h i f t e d  b y  a  m a g n i tu d e  w h ic h  i s  r e l a t e d  t o  t h e  g e o ­
m e t r i c a l  s t r u c t u r e  o f  t h e  m o le c u le  i t s e l f .
E u (d p m )^  a n d  E u ( f o d ) 3 ( f o d  *  l , l , l , 2 , 2 , 3 , 3 - h e p t a f l u o r o - 7 , 7 -  
d i m e t h y l - 4 ,6 - o c t a n e d i o n a t o  1^ , w h e re  R = t e r t - b u t y l ,  R1 = H, a n d  R” = 
CF2CF2CF3 ) , w h ic h  in d u c e  d o w n f ie ld  s h i f t s ,  a n d  t h e  r e s p e c t i v e  c o m p le x e s  
w i t h  p ra se o d y m iu m , w h ic h  in d u c e  u p f i e l d  s h i f t s ,  a r e  among t h e  m o s t 
common s h i f t  r e a g e n t s .  The o p t i c a l l y  a c t i v e  c o m p le x e s  fo rm e d  b e tw e e n  
Eu (a n d  P r )  w i t h  d e r i v a t i v e s  o f  c a m p h o r , h a v e  a l s o  fo u n d  i m p o r t a n t
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a p p l i c a t i o n s  i n  d e t e r m in i n g  o p t x c a l  p u r i t y  .
F o r  a  q u a l i t a t i v e  a n a l y s i s ,  t h e r e  i s  n o  q u e s t i o n  a b o u t  t h e  
e f f e c t i v e n e s s  o f  t h e  s h i f t  r e a g e n t s ,  b u t  s e v e r a l  p ro b le m s  a r i s e  w i th  
t h e i r  q u a n t i t a t i v e  a s p e c t s ,  e . g .  c o r r e l a t i o n  b e tw e e n  o b s e r v e d  s h i f t s  
a n d  s t r u c t u r a l  g e o m e try  o f  t h e  a d d u c t .  A few  o f  s u c h  p ro b le m s  a r e  
d i s c u s s e d  b e lo w .
1) S in c e  o n ly  o n e  r e s o n a n c e  s i g n a l  i s  o b s e r v e d  f o r  e a c h  n u c l e u s  
t h e  r e c o r d e d  s h i f t s  f o r  t h e  a d d u c t  w i l l  b e  a  w e ig h te d  a v e r a g e  o f  a l l  
p r e s e n t  s p e c i e s  ( f r e e  a n d  s h i f t  r e a g e n t  b o u n d  s u b s t r a t e ) . A k n o w led g e  
o f  t h e  s t o i c h i o m e t r y  o f  t h e  a d d u c ts  (n i n  e q u a t i o n  2 ,  w h e re  R = s h i f t  
r e a g e n t  a n d  L = s u b s t r a t e )  i s  n e c e s s a r y  t h e n ,  a lo n g  w i t h  t h e  c o r r e s p o n d ­
i n g  v a l u e s  f o r  t h e  e q u i l i b r i u m  c o n s t a n t s  i n  o r d e r  t o  o b t a i n  c h e m ic a l  
s h i f t s  t h a t  c o r r e s p o n d  t o  o n ly  o n e  s p e c i e s .  D e te r m in a t io n  o f  s u c h  
q u a n t i t i e s  i s  s t i l l  c o n t r o v e r s i a l .
32) As d e s c r i b e d  m ore e x t e n s i v e l y  i n  t h e  P a r a m a g n e t ic  I o n s '  
s e c t i o n , s e v e r a l  m ech an ism s c a n  b e  p o s t u l a t e d  f o r  t h e  o b s e r v e d  s h i f t s .
O n ly  t h e  s o - c a l l e d  d i p o l a r  m ech an ism  i s  t r a n s m i t t e d  th r o u g h  s p a c e  an d  
s o  d i r e c t l y  r e l a t e d  t o  t h e  g e o m e t r i c a l  s t r u c t u r e  o f  t h e  s u b s t r a t e .
E ven  i f  t h e  d i p o l a r  m echan ism  i s  p r e d o m in a n t  among t h e  l a n t h a n i d e  i o n s ,  
n o  e f f e c t i v e  p r o c e d u r e  t o  s e p a r a t e  t h e  s e v e r a l  c o n t r i b u t i o n s  h a s  b e e n  
fo u n d .
3) S i m p l i f i e d  m o d e ls  a r e  a ssu m e d  i n  m any c a s e s  i n  o r d e r  t o  
c o r r e l a t e  t h e  o b s e r v e d  s h i f t s  w i t h  t h e  g e o m e t r i c a l  p a r a m e t e r s .  S e v e r a l  
j u s t i f i c a t i o n s  h a v e  b e e n  o f f e r e d ,  b u t  t h e i r  v a l i d i t y  s t i l l  r e m a in s  t o  b e  
d e m o n s t r a t e d .
4) The g e o m e t r i c a l  p a r a m e te r s  i n  t h e  s u b s t r a t e  a r e  o b t a i n e d  
e i t h e r  b y  a  fram ew o rk  m o le c u la r  m o d e l o r  b y  X -ra y  r e s u l t s  fro m  ( g e n e r a l l y  
a  d e r i v a t i v e  o f )  t h e  s u b s t r a t e  i t s e l f .  S in c e  t h e y  r e p r e s e n t  o n ly  an  
a p p r o x im a t io n  t o  t h e  r e a l  s t r u c t u r e  i n  t h e  a d d u c t ,  t h i s  c o u ld  g i v e  r i s e  
t o  e r r o n e o u s  c o n c lu s i o n s  when s u c h  d a t a  a r e  u s e d  f o r  g e o m e t r i c a l  c o r ­
r e l a t i o n s  w i t h  t h e  o b s e r v e d  s h i f t s .  H o w ev er, e v e n  w hen s t a b l e  c r y s t a l l i n e  
a d d u c ts  h a v e  b e e n  i s o l a t e d  a n d  t h e i r  g e o m e try  e s t a b l i s h e d  b y  X -r a y  a n a l y s i s ,  
t h e  c o r r e l a t i o n  w i t h  t h e  o b s e r v e d  s h i f t s  h a s  so m e tim e s  b e e n  p o o r .  Im p ro v e ­
m e n ts  a r e  l i m i t e d  by  t h e  num ber o f  o b s e r v a t i o n s  s i n c e  t h e y  im p o se  a  l i m i t  
on  t h e  n u m b er o f  p a r a m e te r s  r e l a t i v e  t o  t h e  l a n t h a n i d e  c o o r d i n a t e s  t o  b e  
a d j u s t e d .  E f f o r t s  a r e  m ade t o  d e te r m in e  t h e  r e l a t i v e  im p o r ta n c e  o f  e a c h
o f  s u c h  p a r a m e t e r s .
T h e s e  p ro b le m s  w i l l  b e  d i s c u s s e d  i n  t h e  n e x t  s e c t i o n  o f  t h e  t h e s i s .
4INTRODUCTION
G e n e ra l  C o n s id e r a t i o n s  on  M a g n e tic  P r o p e r t i e s
C h a rg e d  p a r t i c l e s  d e te r m in e  t h e  m a g n e t ic  p r o p e r t i e s  o f  m a t t e r .  
E l e c t r o n s  c a n  b e  c o n s i d e r e d  a s  s m a l l  s p h e r e s  o f  n e g a t i v e  c h a r g e  s p i n n i n g  
on  t h e i r  a x e s ;  fro m  c l a s s i c a l  c o n s i d e r a t i o n s ,  t h e  s p i n n i n g  o f  a  c h a rg e  
p r o d u c e s  a  m a g n e t i c  m om ent a n d  s i n c e  th e y  a r e  t r a v e l i n g  on a  c l o s e d  p a t h  
( o r b i t a l )  t h i s  w i l l  a l s o  p r o d u c e  a  m a g n e t ic  m om ent. The m a g n e t i c  p r o ­
p e r t i e s  o f  an  a to m  o r  i o n  w i l l  b e  d e te r m in e d  b y  a  c o m b in a t io n  o f  t h e s e  
tw o p r o p e r t i e s ;  t h a t  i s ,  t h e  s p i n  m om ents o f  t h e  e l e c t r o n  a n d  t h e  
o r b i t a l  m om ent r e s u l t i n g  fro m  t h e  m o tio n  a ro u n d  t h e  n u c l e u s .
B a se d  on  s u c h  p r o p e r t i e s ,  t h e  m a g n e t ic  m om ent (y ) o f  a  m a t e r i a l
0
(a to m , i o n ,  o r  g ro u p )  i s  g iv e n  b y  :
y -  g / l " ( J + l )  = $M g / j ( J + i )  (3)
w h e re  J  i s  t h e  t o t a l  a n g u l a r  q u an tu m  n u m b er f o r  t h e  m a t e r i a l  ( v e c t o r
sum o f  t h e  s p i n  a n g u l a r  q u an tu m  n u m b e r, S ,  an d  t h e  o r b i t a l  a n g u l a r
q u an tu m  n u m b e r , L ) , $ „  i s  t h e  B o h r M ag n e to n , e  i s  t h e  e l e c t r o n i c  c h a r g e ,
h  i s  t h e  P l a n c k 's  c o n s t a n t ,  m i s  t h e  e l e c t r o n  m a s s ,  c  i s  t h e  s p e e d  o f
l i g h t ,  a n d  g  i s  t h e  L an d e  g - f a c t o r  d e f i n e d  b y
. . J ( J + 1 )  + S (S + 1 ) -  L (Irf-l)
9 * 1 + - - - - - - - - M W « L ) -------  <4>
The e x p e r i m e n t a l  v a l u e  o f  t h e  m a g n e t ic  m om ent i s  o b t a i n e d  b y  
m e a s u r in g  t h e  m a g n e t i c  s u s c e p t i b i l i t y  o f  t h e  m a t e r i a l  (X) w h ic h  i s  a  
p r o p e r t y  r e l a t e d  t o  t h e  f l u x  o f  e l e c t r o n s  in d u c e d  when t h e  m a t e r i a l  
i s  p l a c e d  i n  a  m a g n e t i c  f i e l d .  M a g n e tic  s u s c e p t i b i l i t i e s  a n d  m a g n e t ic  
m om ents a r e  r e l a t e d  b y :
5v  = SHi (5)
*  3kT
w h e re  N i s  A v o g a d ro 's  n u m b e r, T t h e  a b s o l u t e  t e m p e r a tu r e  a n d  k  
B o l tz m a n n 's  c o n s t a n t .
B a se d  o n  t h e  m a g n itu d e  o f  t h e  m a g n e t ic  s u s c e p t i b i l i t y  a n d  t a k i n g  
vacuum  a s  t h e  r e f e r e n c e  (x = 0 f o r  v a c u u m ), tw o  c l a s s e s  o f  m a t e r i a l s  a r e  
d i f f e r e n t i a t e d :
1) d i a m a g n e t i c ,  w i t h  v a l u e s  o f  x  2  0
2 ) p a r a m a g n e t i c  w i t h  v a l u e s  o f  x  > g e n e r a l l y  a s s o c i a t e d
w i th  t h e  p r e s e n c e  o f  u n p a i r e d  e l e c t r o n s .
By a  c o m b in a t io n  o f  e q u a t i o n s  3 a n d  5 ,  t h e  m a g n e t ic  s u s c e p t i b i l i t y  
i s  r e l a t e d  t o  t h e  g - f a c t o r  (a n d  a s  a  c o n s e q u e n c e ,  t o  t h e  e l e c t r o n i c  c o n ­
f i g u r a t i o n  o f  t h e  m a t e r i a l )  b y :
Ng2 3u 2 J ( J + 1 )
x --------- S k i ---------- (6>
I n  an  a n a lo g o u s  w a y , t h e  m a g n e t ic  m om ent o f  a  n u c l e u s ,  y ^ ,  i s
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e x p r e s s e d  i n  te rm s  o f  n u c l e a r  m a g n e to n s  n m :
y  =» g ir i  = g l  —  (7)n  m * 4ttm c
P
w h e re  i s  t h e  p r o t o n  m ass  a n d  I  i s  t h e  s p i n  q u an tu m  n u m b er f o r  t h e
n u c l e u s .  T he o t h e r  t e r m s  w e re  d e f in e d  p r e v i o u s l y .
From  q u a n tu m  m e c h a n ic s ,  w hen s u c h  a  n u c l e u s  i s  p l a c e d  i n  a  m a g n e t ic
f i e l d  o f  m a g n itu d e  Hq , 21+1 e q u a l l y  s p a c e d  m a g n e t i c  e n e rg y  l e v e l s  w i l l
a r i s e .  The e n e r g y  s e p a r a t i o n  b e tw e e n  l e v e l s  i s  g iv e n  b y  e q u a t i o n  8 :
yH
AE « hVg « —j — (8)
When a  r a d i o - f r e q u e n c y  i s  a p p l i e d  a n d  e q u a t i o n  8  i s  s a t i s f i e d  b y  e i t h e r  
v a r y in g  t h e  m a g n e t ic  f i e l d  s t r e n g t h  o r  t h e  f r e q u e n c y ,  r e s o n a n c e  o c c u r s
6w h ic h  i s  d e t e c t e d  a s  an  a b s o r p t i o n  o f  e n e r g y  fro m  t h e  r a d i o - f r e q u e n c y  
f i e l d .
From  e q u a t i o n  8 i t  i s  a p p a r e n t  t h a t  an  i s o l a t e d  n u c l e u s ,  s u s ­
c e p t i b l e  t o  nm r s p e c t r o s c o p y ,  h a s  a  c h a r a c t e r i s t i c  r e s o n a n c e  f r e q u e n c y ;  
i n  m o l e c u l e s ,  d e v i a t i o n s  fro m  t h i s  f r e q u e n c y  a r i s e  a s  a  r e s u l t  o f  c h e m ic a l  
a n d  s t e r e o c h e m i c a l  e n v i r o n m e n ta l  f a c t o r s .  P r o to n  c h e m ic a l  s h i f t s ,  h o w e v e r ,  
show  a  r e l a t i v e l y  low  s e n s i t i v i t y  t o  s u c h  f a c t o r s ,  a n d  a s  a  c o n s e q u e n c e  
r e s o l u t i o n  o f  s u c h  s p e c t r a  i s  f r e q u e n t l y  l i m i t e d .
An e f f e c t i v e  m e th o d  t o  a c h ie v e  b e t t e r  r e s o l u t i o n  i s  t o  a l t e r  t h e  
m a g n e t ic  e n v iro n m e n t  o f  t h e  m o le c u le .  Two g e n e r a l  t e c h n i q u e s  h a v e  b e e n  
fo u n d  u s e f u l  f o r  t h e s e  p u r p o s e s ,  a r o m a t ic  s o l v e n t s  a n d  p a r a m a g n e t i c  m e ta l  
c o m p le x e s .  The l a t t e r  h a s  b e e n  a l r e a d y  i n t r o d u c e d  i n  t h e  H i s t o r i c a l  
B a c k g ro u n d  s e c t i o n  a s  t h e  s p e c i a l  c a s e  o f  l a n t h a n i d e  i o n  c o m p le x e s  
( s h i f t  r e a g e n t s ) .  L e t  u s  a n a ly z e  som e g e n e r a l  p r o p e r t i e s .
D ia m a g n e t ic  a n d  P a r a m a g n e t i c  A n is o t r o p y
I n  t h e  p r e v i o u s  s e c t i o n ,  t h e r e  w as n o  c o n s i d e r a t i o n  o f  t h e  
p o s s i b l e  o r i e n t a t i o n s  t h a t  a  m a t e r i a l  c a n  t a k e  w i th  r e s p e c t  t o  t h e  
e x t e r n a l  m a g n e t ic  f i e l d .  The m a g n e t ic  moment w as an  a v e r a g e  among 
a l l  s u c h  p o s s i b l e  o r i e n t a t i o n s ,  s i n c e  b y  t e n s o r  a n a l y s i s ;
t
g2 t  (g2 + g2 + g2) (Q)yav 3 ^x ^y
w h e re  g  , g  , a n d  g  a r e  t h e  t h r e e  co m p o n en ts  ( i n  m u t u a l ly  p e r p e n d i c u l a rx  y  z
d i r e c t i o n s )  f o r  t h e  g  f a c t o r ,  t h a t  now b eco m es t h e  g  t e n s o r .
When gx  = g ^  <® g z  ( t h a t  i s ,  t h e  m a t e r i a l  p o s s e s s e s  c u b i c  s y m m e try ) , 
t h e  m a g n e t ic  mom ent w i l l  h a v e  i d e n t i c a l  c o m p o n en ts  i n  t h e  t h r e e  d i r e c t i o n s  
w i t h  r e s p e c t  t o  t h e  e x t e r n a l  f i e l d  a n d  t h e  m a t e r i a l  i s  s a i d  t o  b e  i s o t r o p i c .
7When s u c h  an  e q u a l i t y  i s  n o t  m e t ,  t h e  m a g n e t ic  m om ent w i l l  h a v e  d i f f e r e n t
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co m p o n en ts  i n  e a c h  d i r e c t i o n  a n d  t h e  m a t e r i a l  i s  s a i d  t o  b e  a n i s o t r o p i c  .
A g a in ,  t h e  te rm  d i a m a g n e t i c  o r  p a r a m a g n e t i c  a n i s o t r o p y  i s  a s s i g n e d
i n  r e l a t i o n  t o  t h e  m a g n i tu d e  o f  t h e  m a g n e t ic  s u s c e p t i b i l i t y .
F ig u r e  1 r e p r e s e n t s  a  m a t e r i a l  w i th  sy m m etry  C_ l o c a t e d  i n  a
m a g n e t i c  f i e l d  o f  m a g n itu d e  Hq , w i th  t h e  p r i n c i p a l  m a g n e t ic  a x i s  A a l i g n e d
w i t h  t h e  e x t e r n a l  f i e l d .  A lo n g  t h i s  a x i s ,  t h e  g  t e n s o r  co m p o n en t i s
o r  g  i f ,  b y  c o n v e n t io n ,  t h e  e x t e r n a l  f i e l d  i s  c o l i n e a r  w i th  t h e  z  a x i s ,  z
I f  t h e  e l e c t r o n ( s )  i s  f r e e  t o  move i n  a  c l o s e d  p a t h  ( o r b i t a l ) ,  t h i s  w i l l  
p ro d u c e  a  s e c o n d a r y  m a g n e t ic  f i e l d  t h a t  w i l l  a f f e c t  a  n u c l e u s  B , l o c a t e d  
i n  s u c h  a  f i e l d ,  b y  i n c r e a s i n g  o r  d e c r e a s i n g  t h e  s e p a r a t i o n  o f  i t s  m ag­
n e t i c  e n e r g y  l e v e l s  a c c o r d in g  t o  e q u a t i o n  8 .
w h e re  a l l  t e r m s  w e re  d e f i n e d  p r e v i o u s l y .
The im p o r ta n c e  o f  a n i s o t r o p y  t o  t h e  o r g a n ic  c h e m is t  i s  e v i d e n t .  
I f  t h e  group t h a t  d i s p l a y s  s u c h  b e h a v io r  i s  p a r t  o f  t h e  m o le c u le  i t s e l f ,  
c o n c lu s i o n s  a b o u t  s t r u c t u r e  c a n  e a s i l y  b e  d ra w n . O th e r w i s e ,  a r o m a t ic
F o r  sy m m etry  lo w e r  t h a n  0 ^  ( c u b ic )  a n d  h i g h e r  th a n  C2 v '  0X1 ^  o n e
m ore co m p o n en t o f  g ( g , ) ,  p e r p e n d i c u l a r  t o  A , i s  n e c e s s a r y  s i n c e  g  = g  =x x  y
g ^ .  M cC o n n e ll10 show ed t h a t ,  a s  a  r e s u l t  o f  a l l  random  o r i e n t a t i o n s ,  
t h e  e x p r e s s i o n  f o r  t h e  f r a c t i o n a l  c h a n g e  i n  t h e  n u c l e a r  r e s o n a n c e
f r e q u e n c y  ( s h i e l d i n g )  f o r  n u c l e u s  B i s :
3 c o s 2 0 B - 1
( 10)
w h e re  r  a n d  0  a r e  t h e  s p h e r i c a l  c o o r d i n a t e s  f o r  n u c l e u s  B ( s e e  F ig .  1)
B ®
The c o n s t a n t  C i s :
(11)27kT
8F ig u r e  1 -  S e c o n d a ry  M a g n e tic  F i e l d  In d u c e d  by
Hq i n  a  G ro u p  o f  Sym m etry
9s o l v e n t s  a n d  p a r a m a g n e t i c  i o n s  s e r v e  a s  a  s o u r c e  f o r  a n i s o t r o p y  i f  
a s s o c i a t i o n  w i t h  t h e  o r g a n i c  m o le c u le  i s  p o s s i b l e .
A ro m a tic  S o lv e n t  I n d u c e d  S h i f t s  (AS1S)
A SIS** a r i s e  fro m  t h e  d i a m a g n e t i c  a n i s o t r o p y  o f  t h e  b e n z e n e  r i n g ,  
d u e  t o  t h e  c i r c u l a t i o n  o f  ir e l e c t r o n s  i n  t h e  p l a n e  o f  t h e  r i n g .  No t r u e  
c o m p le x , h o w e v e r ,  i s  fo rm e d  b e tw e e n  t h e  s o l v e n t  m o le c u le s  a n d  t h e  s u b s t r a t e , 
an d  t h e  s h i e l d i n g  e f f e c t  i s  d u e  t o  v e r y  s h o r t - l i v e d  c o l l i s i o n  c o m p le x e s .
The a p p l i c a t i o n  o f  e q u a t i o n  10 h a s  s e r i o u s  l i m i t a t i o n s  i n  t h i s  c a s e ,  s i n c e  
n o  f i x e d  g e o m e try  i s  p r e s e n t ,  a n d  e v e n  w hen t h i s  i s  a c h ie v e d  b y  a  c o v a l e n t  
b o n d  b e tw e e n  t h e  a r o m a t ic  m o ie ty  a n d  t h e  c h a i n ,  t h e  f o l l o w in g  r e s t r i c t i o n s  
m u s t  b e  c o n s i d e r e d :
1) The b e n z e n e  r i n g  i s  n o t  a  p o i n t  d i p o l e ,  f o r  w h ic h  e q u a t i o n  
10 h a s  b e e n  d e r i v e d .  A p p ro x im a tio n  t o  a  p o i n t  d i p o l e  i s  o n l y  v a l i d  i f  
t h e  a f f e c t e d  n u c l e u s  i s  f a r  f ro m  t h e  a r o m a t ic  m o ie ty ;
2} S h i e l d i n g  due  t o  a n i s o t r o p y  d e c r e a s e s  w i th  t h e  c u b i c  p o w e r 
o f  t h e  d i s t a n c e ,  s o ,  when r e s t r i c t i o n  1 i s  f u l f i l l e d ,  o n ly  a  s m a l l  
s h i e l d i n g  w i l l  b e  o b s e r v e d ;
3) O n ly  a  g u e s s  c a n  b e  t a k e n  f o r  t h e  nm r f r e q u e n c y  o f  t h e  
a f f e c t e d  n u c l e u s  i n  t h e  a b s e n c e  o f  t h e  b e n z e n e  r i n g ,  s i n c e  i t  i s  n o t  
p o s s i b l e  t o  e l i m i n a t e  s u c h  e f f e c t  w i t h o u t  a l t e r i n g  t h e  s t r u c t u r e  o f  
t h e  e n t i r e  m o le c u le .
P a r a m a g n e t i c  I o n s
The e f f e c t  o f  p a r a m a g n e t i c  i o n s  h a s  b e e n  r e c o g n iz e d  s i n c e  t h e  
d i s c o v e r y  o f  t h e  nm r p h en o m en o n * ^ . P a r a m a g n e t i c  a n i s o t r o p y  a r i s e s  
b e c a u s e  o f  t h e  c i r c u l a t i o n  o f  u n p a i r e d  e l e c t r o n s  i n  t h e  o r b i t a l s  o f  t h e  
i o n  i t s e l f ,  w h ic h ,  c o n t r a r y  t o  t h e  c a s e  o f  a r o m a t ic  m o ie ty ,  c a n  b e
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c o n s i d e r e d  a s  a  p o i n t  d i p o l e .
F o rm a tio n  o f  a  " t r u e "  co m p lex  b e tw e e n  t h e  p a r a m a g n e t i c  io n  a n d
t h e  s u b s t r a t e  i s  u s u a l l y  a c h ie v e d  i f  s u c h  s u b s t r a t e  h a s  L e w is  b a s e
c h a r a c t e r i s t i c s .
T he o b s e r v e d  s h i f t s  o f  t h e  f r e q u e n c y  s i g n a l s ,  h o w e v e r ,  a r i s e
13fro m  tw o  m a jo r  c o n t r i b u t i o n s  :
1) T r a n s f e r  o f  e l e c t r o n  d e n s i t y  a n d / o r  s p i n  p o l a r i z a t i o n ,  
v i a  c o v a l e n t  b o n d s ,  f ro m  t h e  m e t a l  i o n  t o  t h e  b i n d i n g  n u c l e u s  (F e rm i-  
c o n t a c t  i n t e r a c t i o n ) ;
2) P a r a m a g n e t i c  a n i s o t r o p y  o f  t h e  m e t a l  i o n  ( p s e u d o - c o n t a c t  
o r  d i p o l a r  i n t e r a c t i o n ) .
E ac h  o n e  d e s e r v e s  a  s p e c i a l  d i s c u s s i o n .
F e r m i - C o n ta c t  I n t e r a c t i o n
The F e r m i - c o n t a c t  i n t e r a c t i o n  i n v o l v e s  d i r e c t  d e l o c a l i z a t i o n
a n d / o r  s p i n  p o l a r i z a t i o n  o f  t h e  u n p a i r e d  e l e c t r o n ( s )  v i a  t h e  m o le c u la r
1 4 -1 7o r b i t a l s  o f  t h e  s u b s t r a t e  l i g a n d s  . I t  w i l l  d e p e n d  t h e n ,  on  tw o  
f a c t o r s :
1) The a b i l i t y  o f  t h e  m e t a l  io n  t o  t r a n s f e r  e l e c t r o n  d e n s i t y  
a n d / o r  t o  p o l a r i z e  a d j a c e n t  b o n d s ;
2) T he a b i l i t y  o f  t h e  b i n d i n g  n u c l e u s  t o  a c c e p t  s u c h  a  t r a n s f e r  
a n d / o r  t o  b e  p o l a r i z e d .  P r o p a g a t io n  th r o u g h  t h e  r e s t  o f  t h e  m o le c u le  
o c c u r s  th r o u g h  b o n d s  a n d  g e n e r a l l y  d e c l i n e s  r a p i d l y  when o n ly  O b o n d s  
a r e  i n v o l v e d .
I n  t h e  t r a n s i t i o n  i o n s ,  t h e  u n p a i r e d  e l e c t r o n s  o c c u p y  3d o r b i t a l s  
t h a t  c o r r e s p o n d  t o  t h e  e x t e r n a l  s h e l l .  T he c o n t a c t  c o n t r i b u t i o n  i s  t h e r e ­
f o r e  e x p e c t e d  t o  b e  h i g h ,  a n d  i n  f a c t ,  p r e d o m in a te s  when t h e  s e c o n d  f a c t o r
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a b o v e  i s  a l s o  f a v o r a b l e * 8 .
On t h e  o t h e r  h a n d ,  u n p a i r e d  e l e c t r o n s  o f  t h e  l a n t h a n i d e  ( I I I )  
i o n s  o cc u p y  4 f  o r b i t a l s  ( s e e  T a b le  1 ) ,  a n d  b e c a u s e  o f  t h e  p r e s e n c e  o f  
5 s  a n d  5p e l e c t r o n s ,  d o  n o t  c o r r e s p o n d  t o  t h e  e x t e r n a l  s h e l l .  The c o n ­
t a c t  c o n t r i b u t i o n  c a n  b e  e x p e c t e d  t o  b e  much lo w e r  co m p ared  t o  t h e  
t r a n s i t i o n  i o n s ,  a n d  t h e  o b s e r v e d  s h i f t s  w i l l  b e  p r i m a r i l y  d u e  t o  t h e  
p a r a m a g n e t i c  a n i s o t r o p y  o f  t h e  i o n s  a s  f a r  a s  t h e  a b i l i t y  o f  t h e  io n  
t o  in d u c e  a  F e r m i - c o n t a c t  i n t e r a c t i o n  i s  c o n c e r n e d .
H ow ever, c o n t a c t  c o n t r i b u t i o n s  c a n n o t  b e  t o t a l l y  i g n o r e d  f o r  t h e  
l a n t h a n i d e s ;  e v e n  i f  t h e y  fo rm  c o m p le x e s  m a in ly  b y  e l e c t r o s t a t i c  i n t e r ­
a c t i o n s ,  a s  l i t t l e  a s  1% c o v a le n c y  c o u ld  g iv e  r i s e  t o  o b s e r v a b l e  c o n t a c t
20 21 s h i f t s  , e s p e c i a l l y  f o r  n u c l e i  n e a r  t o  t h e  l o n e - p a i r  b e a r i n g  a to m  .
F u r th e r m o r e ,  i t  h a s  b e e n  s u g g e s t e d  t h a t  c o n t a c t  s h i f t  i s  s i g n i f i c a n t
f o r  a r o m a t ic  a m in e s  w h e re  t h e  s e c o n d  f a c t o r  m e n t io n e d  a t  t h e  b e g in n in g
o f  t h i s  s e c t i o n  ( t h a t  i s ,  t h e  s u s c e p t i b i l i t y  o f  t h e  b in d in g  n u c l e u s
to w a r d  c o n t a c t  i n t e r a c t i o n )  i s  b e l i e v e d  f a v o r a b l e .  T h i s  v ie w  h a s  b e e n
22c o n t r a d i c t e d  by t h e o r e t i c a l  s t u d i e s  a n d  e x p e r i m e n t a l  o b s e r v a t i o n s  w i t h  
23L a ( I I I )  ( s e e  E x t r a p o l a t i o n  o f  t h e  D ip o la r  C o n t r i b u t i o n  t o  t h e  O b s e rv e d  
S h i f t s ) .
P s e u d o - c o n ta c t  o r  D i p o l a r  I n t e r a c t i o n s  
24B le a n e y  d e v e lo p e d  a  t h e o r y  f o r  t h e  a n i s o t r o p y  o f  t h e  s h i f t  r e ­
a g e n t s  w h ic h  i n c l u d e s  t h e  e f f e c t  o f  t h e  l i g a n d  f i e l d  o f  t h e  t h r e e  3 - d i k e ­
t o n e  m o l e c u l e s . F o r  c o m p le x e s  o f  C3v sy m m etry  (g ^  = gy  = g ^ ) , B le a n e y  
d e r i v e d  an  e q u a t i o n  i n  w h ic h  t h e  g e o m e t r i c a l  f a c t o r  w as t h e  sam e a s  
fo u n d  b y  M cC o n n e ll ( e q u a t io n  1 0 ) ,  b u t  t h e  C c o n s t a n t  w as d e f i n e d  b y :
<2 J " 3 > /  /  II it \  n
C -  -  aV "  4S(K T )*---------------------<r  )  < J  II "  I I J )  *2 <U >
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TABLE 1
19Some P r o p e r t i e s  o f  L a n th a n id e  Atom s a n d  I o n s
E l e c t r o n i c  G round  R a d iu s
A to m ic  C o n f i g u r a t i o n  S t a t e  o f  M ( I I I )
Number Name Sym bol Atom M ( I I I ) f o r  I o n s i n  &
57 L an thanum La 5 d 6 s 2 [Xe] ° 1 .0 6 1
58 C eriu m Ce 4 f  5d 6 s 4 f
o
2f 1 .0 3 4
59 P raseo d y m iu m P r
3 2 4 f  6 s V
5 /2
1 .0 1 3
60 N eodynium Nd 4 f 46 s 2 4 f  3
4
K 0 .9 9 5
61
62




4 f 56 s 2







0 .9 7 9
0 .9 6 4
63 E u ro p iu m Eu 7 2 4 f  6 s 4 f 6 0 .9 5 0
64 G a d o lin iu m Gd 7 2 4 f  5 d 6 s 4 f ?
O
8 q 0 .9 3 8
65
66
T erb iu m
D y sp ro s iu m
Tb
Dy
9 2 4 f  6 s








0 .9 2 3
0 .9 0 8
67 Holmium Ho . - 1 1 -  2 4 f  6 s 4 f 10 0 .8 9 4
68 E rb iu m E r a  A 2 a  24 f  6 s 4 f U
8
4 t 0 .8 8 1
69 T h u liu m Tm a A 2 c 2 4 f  6 s 4 f 12
1 5 /2
0 .8 6 9
70 Y tte r b iu m Yb , . 1 4 ,  2 4 f  6 s 4 f 13
D
2f 0 .8 5 8
71 L u te t iu m Lu ,  . 1 4 . , ,  2 4 f  5 d 6 s 4 f 14
7 /2
xs o
0 .8 4 8
a )  The b a s e  e l e c t r o n i c  c o n f i g u r a t i o n  c o r r e s p o n d s  t o  X e.
b ) The c o n f i g u r a t i o n  c o r r e s p o n d s  t o  t h e  R u s s e l l - S a u n d e r s  o r  LS sch e m e , 
w h ic h  i s  su m m a riz e d  a s  f o l l o w s :  t h e  l e f t  s u p e r s c r i p t  i s  t h e  s p i n  
m u l t i p l i c i t y  (=*2S+1, w h e re  S i s  t h e  t o t a l  e l e c t r o n  s p i n  q u an tu m  
n u m b e r ) ; t h e  c a p i t a l  l e t t e r  i s  a n a lo g o u s  t o  t h e  h y d ro g e n  o r b i t a l s  
a n d  r e p r e s e n t s  t h e  t o t a l  o r b i t a l  q u an tu m  n u m b e r, L; t h e  r i g h t  s u b ­
s c r i p t  s t a n d s  f o r  t h e  t o t a l  a n g u l a r  momentum ( v e c t o r  sum o f  L a n d  S ) .
c )  [Xe] = l s 2 2 s 2 2p6 3 s 2 3p6 3 d 104 s 2 4p6 4d105 s 2 5p6 .
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w h e re  i s  an  e n e rg y  c o e f f i c i e n t ,  i s  t h e  m ean s e c o n d  p o w e r o f  t h e
e l e c t r o n i c  r a d i u s  o f  t h e  4 f  e l e c t r o n s ,  an d  ^ j | | a | |  i s  a  n u m e r i c a l  
c o e f f i c i e n t .
The m a in  d i f f e r e n c e  b e tw e e n  e q u a t i o n s  11 a n d  12 i s  t h e  p r e d i c t i o n
o f  a  T 1 d e p e n d e n c e  o f  t h e  m a g n e t ic  s u s c e p t i b i l i t i e s  (a n d  o f  t h e  o b s e r v e d
_2
s h i f t s )  fro m  M c C o n n e l l 's  d e r i v a t i o n  a n d  a  T d e p e n d e n c e  fro m  B l e a n e y 's
2 5 -2 7
t r e a t m e n t .  Some c o n t r o v e r s y  a p p e a re d  a l s o  i n  t h e  e x p e r i m e n t a l  r e s u l t s
28w h ic h  l e d  H o rro c k s  e t  a l .  t o  a  t h i r d  i n t e r p r e t a t i o n  o f  t h e  t e m p e r a tu r e  
d e p e n d e n c e  o f  th e  in d u c e d  s h i f t s .  The e f f e c t  o f  t e n p e r a t u r e  on b o th  
t h e  e n e r g y  p o p u l a t i o n  d i s t r i b u t i o n  (B o ltzm an n  law ) a n d  t h e  m a g n e t ic  
s u s c e p t i b i l i t y  f o r  e a c h  i n d i v i d u a l  s t a t e  ( C u r i e 's  law ) i s  i n c l u d e d ,  
s o  t h e  r e s u l t i n g  m a g n e t ic  s u s c e p t i b i l i t i e s  s h o u ld  f o l l o w :
X = a t” 1 + b t ” 2 (13)
w h e re  A an d  B a r e  f u n c t i o n s  o f  t h e  e l e c t r o n i c  c o n f i g u r a t i o n s .  P r e ­
d o m in an ce  o f  o n e  te rm  c a n  o c c u r ,  e v e n  i f  i t  i s  n o t  t h e  g e n e r a l  c a s e .
The p r e s e n t  w ork  d o e s  n o t  d e a l  p r i n c i p a l l y  w i t h  t h e  t e m p e r a tu r e  
d e p e n d e n c e ,  b u t  p a r t i a l l y  w i th  t h e  v a l i d i t y  o f  u s i n g  t h e  g e o m e t r i c a l
f a c t o r  o f  e q u a t i o n  1 0 . L a n th a n id e  c o m p le x e s  ( h e p ta -  o r  o c t a - c o o r d i n a t e d )
9 10do n o t  b e lo n g  t o  t h e  C^v  p o i n t  g ro u p  ' a n d  s o m e tim e s  e v e n  d o  n o t  h a v e
31a n y  sy m m etry  a t  a l l  a s  d e te r m in e d  b y  s i n g l e  c r y s t a l  X - r a y .  A b e t t e r
c o r r e l a t i o n  th e n  m ig h t  p o s s i b l y  b e  e x p e c t e d  i f  lo w e r  sy m m etry  i s  c o n s i d e r e d .
32LaM ar e t  a l .  d e r i v e d  an  e x p r e s s i o n  f o r  sy m m e try , b a s e d  
on th e  sam e p r i n c i p l e s  u s e d  b y  M cC o n n e ll. T he f r a c t i o n a l  c h a n g e  i n  t h e  
c h e m ic a l  s h i f t s  i s  g iv e n  b y :
AH. 3 c o s 2 0 . - 1  ,  s i n 2 0 . c o s  2ft.
_ L  = c  ___________   -  -  C _______ i - , ---------   (14)
H 1 r ?  2 2 r ?o  i  i
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w h e re
c. = - s <s+1) ^  (g + g + g )1 M 27kT ^ x  y
C2 “ " 6M S(S+1> ~ ~ 2TkT- - y- <9X - V
H e re  t h e  p o s i t i o n  o f  t h e  n u c l e u s  i s  e x p r e s s e d  i n  s p h e r i c a l  c o o r d i n a t e s  
w i th  r e s p e c t  t o  t h e  sy m m etry  a x i s  o f  t h e  l a n t h a n i d e  io n  ( s e e  F ig u r e  25 
i n  A p p e n d ix  1 ) .
24The sam e c o n s i d e r a t i o n  b y  B le a n e y  (w h e re  t h e  l i g a n d  f i e l d  i s  
i n c l u d e d )  l e d  t o  t h e  d e t e r m i n a t i o n  o f  a n d  C2 a s :
(15)
c i  - 2 (r*) (JII«IIJ) fi 






w h e re  A^ i s  an  e n e r g y  c o e f f i c i e n t .
The d i f f e r e n c e  b e tw e e n  t h e  tw o  d e r i v a t i o n s  i s  a g a in  t h e  t e m p e r a tu r e  
d e p e n d e n c e .  B u t i n  an y  e v e n t ,  a l l  t h e o r i e s  p r e d i c t  t h e  sam e g e o m e t r i c a l  
f u n c t i o n  f o r  a  g ro u p  o f  a  g iv e n  sy m m etry ; t h a t  i s ,  a t  c o n s t a n t  t e m p e r a t u r e , 
e q u a t i o n s  10 a n d  14 i n c l u d e  i d e n t i c a l  g e o m e t r i c a l  f a c t o r s  t im e s  a  c o n s t a n t  
t e r m .
F o r  l a n t h a n i d e  i o n s ,  e q u a t i o n  10 h a s  fo u n d  w id e  a p p l i c a t i o n  when 
r e l a t i n g  t h e  s h i f t s  o b s e r v e d  f o r  a  g iv e n  n u c l e u s  i n  t h e  m o le c u le  w i t h  i t s  
g e o m e t r i c a l  s t r u c t u r e ,  a n d  a l t h o u g h ,  a s  m e n t io n e d  a b o v e ,  t h e r e  i s  r e a s o n  
t o  s u s p e c t  t h a t  e x p r e s s i o n s  b a s e d  on c o m p le x e s  o f  lo w e r  sy m m etry  ( e q u a t io n  
14) w o u ld  g i v e  m ore s a t i s f a c t o r y  r e s u l t s ,  t h i s  d o e s  n o t  g e n e r a l l y  seem  t o  
b e  t h e  c a s e .  Two e x p l a n a t i o n s  h a v e  b e e n  g iv e n  t o  j u s t i f y  t h e  r e a s o n a b l y  
g o o d  c o r r e l a t i o n s  o b t a i n e d  w i t h  e q u a t i o n  1 0 ,  w i t h o u t  t h e  n e e d  o f  r e s o r t i n g  
t o  e q u a t i o n  1 4 .
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33 341) I n d e p e n d e n t ly  H u b e r a n d  B r ig g s  e t  a l . sh o w ed  t h a t  i f  a
s u b s t r a t e  m o le c u le  ( t h e  s e v e n th  c o o r d i n a t i o n  s i t e )  i s  r o t a t i n g  f r e e l y  
a b o u t  an  a x i s  "w hich p a s s e s  th r o u g h  t h e  l a n t h a n i d e  i o n ,  t h e n ,  e v e n  i f  
g x  *  gy  *  g z , d i p o l a r  s h i f t s  w i l l  b e  g iv e n  b y  e q u a t i o n  1 0  w i th
C = y  [C^ ( c o s 2 o t- l)  + C2  s i n 2a  c o s  23] (17)
w h e re  a  i s  t h e  a n g le  b e tw e e n  th e  p r i n c i p a l  m a g n e t ic  a x i s  (z )  a n d  t h e
r o t a t i o n  a x i s ,  3 i s  t h e  a n g le  a n a lo g o u s  t o  ft i n  F ig u r e  25 (A p p e n d ix  1)
f o r  t h e  b i n d i n g  a to m , a n d  a r e  te rm s  r e l a t e d  t o  t h e  t e m p e r a tu r e  
a n d  e l e c t r o n i c  c o n f i g u r a t i o n s .  F o r  s u c h  c a s e s ,  0  i n  e q u a t i o n  10 w i l l  
b e  r e f e r r e d  t o  t h e  r o t a t i o n a l  a x i s .  A rg u m en t a g a i n s t  t h i s  p o s s i b i l i t y
28
i s  t h a t  s t e r i c  i n t e r a c t i o n s  r e n d e r  f r e e  r o t a t i o n  o f  t h e  l i g a n d  i m p o s s ib l e
2) T he s t r u c t u r e  o f  t h e s e  c o m p le x e s  d e te r m in e d  b y  X -r a y  c a n n o t
n e c e s s a r i l y  b e  e x t r a p o l a t e d  t o  t h e  s i t u a t i o n  p r e s e n t  i n  s o l u t i o n .  A
r a p i d  e q u i l i b r i u m  ( o r  e q u i l i b r i a )  a n d  m o le c u la r  r e o r g a n i z a t i o n  a r e
o c c u r r i n g  i n  t h e  l i q u i d  p h a s e ,  i n v o l v i n g  e x c h a n g e  o f  t h e  l i g a n d s  (b o th
35t h e  a d d u c t  a n d  t h e  d ik e to n e )  w h ic h  D y e r e t  a l . u s e s  a s  a rg u m e n t t o  
s t a t e  t h a t  i n  t h e  t im e  a v e r a g e ,  t h e  n o n - a x i a l  p o r t i o n  o f  t h e  d i p o l a r  
f i e l d  i s  e l i m i n a t e d .
E x t r a p o l a t i o n  o f  t h e  D i p o l a r  C o n t r i b u t i o n  fro m  t h e  O b s e rv e d  S h i f t s
As m e n t io n e d  b e f o r e ,  t h e  l a n t h a n i d e  i o n s  a r e  u s e d  i n  nm r s p e c ­
t r o s c o p y  a s  t h e  o c t a h e d r a l  co m p lex  w i t h  t h r e e  3 - d i k e t c n e  a n io n s  a s  t h e  
l i g a n d s .  B e s id e s  c o n t a c t  s h i f t s ,  s e v e r a l  f a c t o r s  m u s t b e  a n a ly z e d  i n  
o r d e r  t o  e x t r a c t  fro m  t h e  o b s e r v e d  s h i f t s  t h e  c o n t r i b u t i o n  d u e  t o  t h e  
p a r a m a g n e t i c  f i e l d  o f  t h e  l a n t h a n i d e  i o n  i t s e l f :
1) T he l i g a n d s  may a l s o  show som e d i a m a g n e t i c  p r o p e r t i e s  b e c a u s e  
o f  a  s m a l l  in d u c e d  m a g n e t ic  m om ent. C o n s e q u e n t ly ,  a  s m a l l  c o n t r i b u t i o n
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t o  t h e  o b s e r v e d  s h i f t  o f  t h e  o r g a n ic  s u b s t r a t e  w i l l  b e  o b s e r v e d ,  w h ic h  
c a n n o t  b e  c o n s i d e r e d  t o  b e  p ro d u c e d  b y  t h e  sam e p o i n t  d i p o l e  i d e n t i f i e d  
a s  t h e  p a r a m a g n e t i c  i o n .
2) T he f o r m a t io n  o f  an  a d d u c t  b e tw e e n  t h e  l a n t h a n i d e  co m p lex  
a n d  th e  o r g a n i c  s u b s t r a t e  w i l l  d i s p l a c e  some o f  t h e  s o l v e n t  m o le c u le s  
i n  t h e  s o l v a t i o n  c a g e  o f  t h e  s u b s t r a t e  i t s e l f .  T h is  c a n  a l t e r  t h e  
c h e m ic a l  s h i f t  o f  a  g iv e n  n u c l e u s  b y  a  f a c t o r  n o t  d e p e n d e n t  on  t h e  
p a r a m a g n e t is m  o f  t h e  l a n t h a n i d e  i o n .
3) The e l e c t r o n i c  d i s t r i b u t i o n  may b e  a l t e r e d  (by  i n d u c t i v e  
o r  r e s o n a n c e  e f f e c t s )  a n d  t h e  d i a m a g n e t i c  a n i s o t r o p y  o f  t h e  s u b s t r a t e  
i t s e l f  may v a r y  i n  i n t e n s i t y  a n d  sy m m etry .
36The f o l lo w in g  s t e p s  h a v e  b e e n  s u g g e s t e d  b y  B le a n e y  i n  o r d e r  
t o  a s s u r e  t h e  d i p o l a r  o r i g i n  i n  t h e  c h e m ic a l  s h i f t s :
1) L a n th a n id e  c h e l a t e s  w h ic h  s h i f t  t o  b o t h  h ig h  a n d  low  
m a g n e t ic  f i e l d  m u s t b e  u s e d ;
2) The o b s e r v e d  s h i f t s  m u s t  b e  c o r r e c t e d  b y  o b s e r v in g  s h i f t s  
d u e  t o  co m p lex  f o r m a t io n  w i t h  t h e  d ia m a g n e t i c  l a n t h a n i d e s ,  L a ( i u )  
a n d  L u ( I I I ) ;
3) R a t i o s  o f  s h i f t s  a t  d i f f e r e n t  n u c l e a r  s i t e s  s h o u ld  t h e n  
b e  co m p ared  f o r  t h e  d i f f e r e n t  l a n t h a n i d e s  u s e d  i n  s t e p  1 . I f  t h e s e  
r a t i o s  a r e  i n d e p e n d e n t  o f  t h e  l a n t h a n i d e  c a t i o n ,  t h e n  t h e  s h i f t s  h a v e  
t h e i r  o r i g i n  i n  d i p o l a r  c o u p l i n g ,  a n d ,  t o  a  go o d  a p p r o x im a t io n ,  t h e  
a n i s o t r o p y  o f  t h e  s u s c e p t i b i l i t y  h a s  a x i a l  sy m m etry .
4) B e s id e s  t h e  c h e m ic a l  s h i f t s ,  l i n e  b r o a d e n in g  d a t a  s h o u ld
37a l s o  b e  i n c l u d e d  i n  an y  c a l c u l a t i o n s  d u e  t o  t h e i r  d e p e n d e n c e  on
g
1 / r  . To o b t a i n  s u c h  d a t a ,  t h e  u s e  o f  G d ( I I I )  c h e l a t e s  i s  s u g g e s t e d  
b e c a u s e  o f  t h e  low  r e l a x a t i o n  t im e  f o r  t h i s  i o n .
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R e e x a m in in g  T a b le  1 ,  a  few  p o i n t s  w i l l  b e  m ade j
1) The S s t a t e  o f  L a ( I I I ) ,  G d ( I I I )  a n d  L u ( I I I ) ,  a n a lo g o u s  t o
t h e  s  o r b i t a l  i n  h y d ro g e n  a to m s ,  r e p r e s e n t s  a  s p h e r i c a l  m o d e l ,  s o  i t s
g  t e n s o r  w i l l  h a v e  i d e n t i c a l  c o m p o n en ts  a n d  n o  m a g n e t i c  a n i s o t r o p y  w i l l  
b e  o b s e r v e d .  H o w ev er, o f  t h e  t h r e e  i o n s ,  o n ly  G d ( I I I )  h a s  u n p a i r e d  
e l e c t r o n s  w h ic h  c a n  i n t e r a c t  w i t h  a  s u b s t r a t e  b y  a  F e r m i - c o n t a c t  m ech an ism ; 
s h i f t s  in d u c e d  b y  L a ( I I I )  an d  L u ( I I I )  ( d ia m a g n e t ic  s h i f t s )  m ay b e  a c c o u n te d
f o r  i n  t e r m s  o f  t h e  t h r e e  f a c t o r s  m e n t io n e d  a t  t h e  b e g in n in g  o f  t h i s  s e c t i o n .
T h is  j u s t i f i e s  B l e a n e y 's  s e c o n d  s u g g e s t i o n .
2) T h e re  i s  a  s i g n i f i c a n t  c h a n g e  i n  t h e  i o n i c  r a d i u s  among t h e
l a n t h a n i d e s  (T a b le  1 ) ,  w h ic h  may b e  r e f l e c t e d  i n  t h e  s t r u c t u r e  o f  t h e
s e v e n  o r  e i g h t  c o o r d i n a t i o n  a d d u c t s .  An ex a m p le  o f  t h i s  i s  t h e  d i f f e r e n c e
19fo u n d  b e tw e e n  t h e  X -r a y  a n a l y s i s  o r  Eu(dpm ) • ( p y r i d i n e ) 2  a n d  H o(dpm )3 *
30( 4 - p i c o l i n e ) 2  .  T h ey  show i s o m o r p h ic  c r y s t a l  s t r u c t u r e s  w i t h  a  C2
sy m m etry  a x i s ,  b u t  d i f f e r e n t  i n t e r a t o m i c  d i s t a n c e s  (T a b le  2 ) .  S in c e  
t h e  a n i s o t r o p y  i s  n o t  a  l i n e a r  f u n c t i o n  o f  t h e  d i s t a n c e ,  B l e a n e y 's  t h i r d  
s u g g e s t i o n  may g i v e  e r r o n e o u s  c o n c l u s i o n s .
TABLE 2
C o m p a riso n  B e tw een  X -Ray Bond D i s t a n c e s  f o r  E u (d p m ) 3 * ( p y r i d i n e ) 2  a n d  
H o(d p m ) 3 * ( 4 - p i c o l i n e ) 2 *
Bond,a
o
B ond d i s t a n c e  i n  A
E u (d p m ) 3 * ( p y r i d i n e ) 2 Ho(dpm) • ( 4 - p i c o l i n e ) 2
L n -0 2 .3 5 2 .2 7
Ln-N 2 .6 5 1  ± 0 .0 0 4 2.53 ± 0.03
a )  Ln s t a n d s  f o r  l a n t h a n i d e  i o n
18
Few a u t h o r s  d e d i c a t e d  t h e i r  a t t e n t i o n  t o  t h e  d i a m a g n e t i c  s h i f t .
23I t s  im p o r ta n c e  i s  m a n i f e s t e d  i n  t h e  s t u d y  b y  T o r i  e t  a l .  o f  t h e  s y s te m s
L a ( f o d ) ^  a n d  s e v e r a l  a r o m a t ic  a m in e s ,  6 - p i c o l i n e - N - o x i d e  a n d  p - c r e s o l .
S h i f t s  w e re  o b s e r v e d  t h a t ,  a t  l e a s t  on  o n e  o c c a s i o n ,  w o u ld  a c c o u n t  f o r
a  c h a n g e  e v e n  i n  s i g n  o f  t h e  o r i g i n a l l y  o b s e r v e d  s h i f t s  w i t h  E u ( f o d ) ^
an d  P r ( f o d ) ^ .  I n  an  a l i p h a t i c  m o ie ty ,  h o w e v e r ,  t h e  d i a m a g n e t i c  s h i f t s
w i l l  p r o b a b ly  b e  o f  m in o r  im p o r t a n c e , b a s e d  o n  th e  o b s e r v a t i o n  o f  S c h w a rb e rg  
38e t  a l .  who r e p o r t e d  t h a t  t h e  d im e th y lfo rm a m id e  p r o t o n  r e s o n a n c e s  i n
LafdpitO^'DM F w e re  s h i f t e d  d o w n f ie ld  b y  10  Hz f o r  t h e  fo rm y l  p r o t o n  a n d
1 .5  a n d  4 .5  Hz f o r  t h e  c i s  a n d  t r a n s  m e th y ls  r e s p e c t i v e l y .
S in c e  s h i f t s  in d u c e d  b y  G d ( I I I )  c o m p le x e s  s h o u ld  b e  o r i g i n a t e d
b y  a  c o n t a c t  m ech an ism  and/or a  d i a m a g n e t i c  e f f e c t ,  t h e  s y s te m  G d (d p m )^ /4 -
28p i c o l i n e  h a s  b e e n  a n a ly z e d  b y  H o r ro c k s  e t  a l . .  S e v e r e  s i g n a l  b r o a d e n in g  
m akes o b s e r v a t i o n s  p o s s i b l e  o n ly  f o r  t h e  4 - m e th y l  g ro u p  (w h ich  i s  fo u n d  
t o  b e  u n s h i f t e d )  w i t h o u t  an y  i n f o r m a t i o n  o n  t h e  e f f e c t  on  t h e  r e s t  o f  
t h e  m o le c u le ,  e s p e c i a l l y  on  t h e  s i t e s  c l o s e r  t o  t h e  b i n d i n g  n i t r o g e n .
A f i n a l  re m a rk  a b o u t  t h e  b r o a d e n in g  o f  t h e  s i g n a l s  i s  a p p r o p r i a t e .  
T a b le  3 su m m a riz e s  som e v a l u e s  f o r  t h e  l i n e  b a n d w id th  f o r  t e r t - b u t y l  i n  
v a r i o u s  L n (d p m )^ , (Ln ■ l a n t h a n i d e )  a n d  m e th y l  i n  2 - p i c o l i n e  i n  t h e  
p r e s e n c e  o f  L n (d p m )^ . I n  t h e  sam e t a b l e ,  v a l u e s  f o r  t h e  c o n t r i b u t i o n  
o f  d i p o l a r  t o  c o n t a c t  s h i f t s  a r e  r e p o r t e d ^ ,  w h ic h  h a v e  b e e n  e s t i m a t e d  
fro m  t h e  m a g n e t ic  s u s c e p t i b i l i t i e s  a s  a  f i r s t  a p p r o x im a t io n  b y :
A c c o rd in g  t o  s u c h  d a t a ,  i t  i s  a p p a r e n t  t h a t  w h i l e  E u ( I I I )  g e n e r a l l y  c a u s e s  
l e s s  s e v e r e  l i n e  b r o a d e n i n g ,  i t  a l s o  show s t h e  h i g h e r  t e n d e n c y  to w a rd  a  
c o n t a c t  i n t e r a c t i o n .
(18)c o n t a c t g  (g -1 )  J ( J + 1 )
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TABLE 3
B a n d w id th  an d  E s t im a te d  R a t i o s  o f  D i p o l a r  t o  C o n ta c t  C o n t r i b u t i o n s  f o r  
L a n th a n id e s .
L a n th a n id e
B a n d w id th  
i n  Hz®
B a n d w id th
6
B an d w id th  
i n  Hzc
D ip o la r























0 .0 0 5
0.02
0 .0 0 3
0.1
0 . 0 2
0 .0 2
5 .6
4 .0  
4 .4
5 .0
9 6 .0  













39a )  t e r t - b u t y l  i n  Ln(dpm ) 3  i n  CC14
40
b )  t e r t - b u t y l  i n  Ln(dpm ) 3
41c )  m e th y l  i n  2 - p i c o l i n e  i n  t h e  p r e s e n c e  o f  L n(dpm ) 3
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C o r r e l a t i o n  w i th  G e o m e tr i c a l  F a c t o r s
I t  w o u ld  b e  i m p o s s i b l e  t o  r e v ie w  t h e  h u n d re d s  o f  c o r r e l a t i o n s
b e tw e e n  t h e  o b s e r v e d  c h e m ic a l  s h i f t s  a n d  t h e  s t r u c t u r a l  g e o m e try .  I n
27m o s t o f  t h e  c a s e s ,  t h e  f o l l o w i n g  a s s u m p t io n s  a r e  m ade :
1) The o b s e r v e d  s h i f t s  u s e d  i n  t h e  a n a l y s i s  a r e  p u r e l y  d i p o l a r
i n  o r i g i n ;
2) O n ly  a  s i n g l e  s t o i c h i o m e t r i c  co m p lex  s p e c i e s  e x i s t s  i n
s o l u t i o n  i n  e q u i l i b r i u m  w i t h  t h e  u n c o m p le x e d  s u b s t r a t e ;
3) O n ly  a  s i n g l e  g e o m e t r ic  i s o m e r  o f  t h i s  co m p lex  s p e c i e s  i s
p r e s e n t ;
4) T h is  i s o m e r  i s  m a g n e t i c a l l y ,  a x i a l l y  s y m m e tr ic  s o  t h e  s h i f t s  
f o l l o w  e q u a t i o n  1 0 ;
5) T he p r i n c i p a l  m a g n e t ic  a x i s  h a s  a  p a r t i c u l a r ,  known o r i e n t a ­
t i o n  w i t h  r e s p e c t  t o  t h e  s u b s t r a t e  l i g a n d  o r  l i g a n d s ;
6 ) The s u b s t r a t e  l i g a n d  e x i s t s  i n  a  s i n g l e  c o n f o r m a t io n ,  o r  an
a p p r o p r i a t e  a v e r a g in g  o v e r  i n t e r n a l  m o tio n  i s  c a r r i e d  o u t .
I t  i s  a m a z in g , h o w e v e r ,  t h a t  d e s p i t e  a l l  t h e  a s s u m p t io n s , 
r e a s o n a b l e  v a l u e s  f o r  b o n d  a n g le s  a n d  d i s t a n c e s  an d  r e a s o n a b l e  a g r e e ­
m en t w i t h  c a l c u l a t e d  s h i f t s  a r e  g e n e r a l l y  fo u n d .  Among o t h e r  a p p l i c a ­
t i o n s ,  s h i f t  r e a g e n t s  h a v e  b e e n  u s e d  f o r  s t r u c t u r a l  d e t e r m i n a t i o n  o f
42 43 44c i s  a n d  t r a n s  i s o m e r s  , c o n f o r m a t io n a l  a n a l y s i s  , n a t u r a l  p r o d u c t s
45a n d  p e p t i d e s
S h i f t s  o b s e r v e d  w i t h  o t h e r  n u c l e i ,  e s p e c i a l l y  ^ C ,  a r e  a l s o  u s e d ,
b u t  w i t h  r e l a t i v e l y  l e s s  s u c c e s s ,  w h ic h  h a s  b e e n  a t t r i b u t e d  t o  a  h i g h e r
5 46c o n t r i b u t i o n  o f  t h e  c o n t a c t  s h i f t  m ech an ism  '
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S to i c h io m e t r y  a n d  E q u i l ib r iu m  C o n s ta n t s
S in c e  t h e  e q u i l i b r i u m  ( o r  e q u i l i b r i a )  t o  fo rm  a d d u c ts  b e tw e e n  
t h e  s h i f t  r e a g e n t s  a n d  t h e  L ew is  b a s e  i s  f a s t  r e l a t i v e  t o  t h e  nm r t im e  
s c a l e ,  o n ly  o n e  r e s o n a n c e  l i n e  i s  t h e  r e s u l t  a t  room  t e m p e r a t u r e ,  a s  an  
a v e r a g e  o f  t h e  f r e e  a n d  t h e  co m p lex e d  s p e c i e s .  I n  o r d e r  t o  o b t a i n  s t o i ­
c h io m e try  a n d  e q u i l i b r i u m  c o n s t a n t s  f o r  s u c h  a d d u c t s ,  t h e  i n f o r m a t i o n  
h a s  t o  b e  o b t a i n e d  e i t h e r  b y  o t h e r  m e th o d s  o r  b y  a n a l y s i s  o f  t h e  in d u c e d  
c h e m ic a l  s h i f t s  a s  a  f u n c t i o n  o f  t h e  c o n c e n t r a t i o n  o f  t h e  s e v e r a l  s p e c i e s  
i n v o l v e d .
F o rm a tio n  o f  o n ly  a  1 :1  ty p e  o f  a d d u c t  i s ,  o f  c o u r s e ,  t h e  m o s t
s im p le  c a s e ,  a n d  i n  m any c a s e s  t h i s  i s  a ssu m ed  a_ p r i o r i .
47A rm ita g e  e t  a l . a n a ly z e d  t h e  f o l l o w in g  tw o  c a s e s :
R + L ?=£ L .R  (19 )
R + 2 L ^ = S L 2 .R  (20)
w h e re  R s t a n d s  f o r  t h e  s h i f t  r e a g e n t  a n d  L f o r  t h e  L ew is  b a s e  o r  s u b s t r a t e .  
T h e i r  c o n c lu s i o n  i s  t h a t  t h e  tw o  c a s e s  c a n  b e  d i f f e r e n t i a t e d  b y  a  p l o t  o f  
[Li o 2 L - 1 /6  w h e re  6  = <$o b s  -  6 f r e e  s u b g t r a t e . The f i r s t  c a s e  s h o u ld  
r e s u l t  i n  a  l i n e a r  r e l a t i o n ,  t h e  s e c o n d  o n e  s h o u ld  show  c u r v a t u r e  m ore 
o r  l e s s  p ro n o u n c e d  d e p e n d in g  on t h e  v a lu e  o f  t h e  e q u i l i b r i u m  c o n s t a n t .
As th e y  p o i n t e d  o u t ,  h o w e v e r , t h e  a n a l y s i s  i s  b a s e d  on  t h e  a s s u m p t io n  
t h a t  o n ly  o n e  e q u i l i b r i u m  i s  p r e s e n t  i n  e a c h  c a s e ,  a n d  a  m u l t i - s t e p  
b i n d i n g  phenom enon (C ase  19 t o g e t h e r  w i t h  C ase  20) t o  r e s u l t  i n  t h e  f o r ­
m a t io n  o f  a  2 : 1  b i n d i n g  m o d e l, w as n o t  t r e a t e d .
A ssum ing  t h e  f o r m a t io n  o f  a  1 :1  a d d u c t  ( e q u a t i o n  1 9 ) ,  A rm ita g e
47e t  a l . d e r i v e d  t h e  f o l l o w i n g  e x p r e s s i o n  b a s e d  on t h e  e q u i l i b r i u m  
c o n s t a n t  r e p r e s e n t a t i o n :
22
[L ] 0  = [R] 0  A ( j )  -  (~  + [ r J ,0  ) (21)
w h e re  A i s  t h e  c h e m ic a l  s h i f t  o f  t h e  1 : 1  a d d u c t  r e l a t i v e  t o  t h e  f r e e  
p o s i t i o n ,  a n d  K i s  t h e  e q u i l i b r i u m  c o n s t a n t  f o r  e q u a t i o n  1 9 :
h a s  b e e n  n e g l e c t e d ,  w h ic h  i s  v a l i d  o n ly  i f  t h e  e q u i l i b r i u m  c o n s t a n t  h a s  
a  lo w  v a l u e .
T hey  a l s o  u s e d  a n  a l t e r n a t i v e  p r o c e d u r e  th r o u g h  a  c o m p u te r  p ro g ra m  
t o  s o l v e  e q u a t i o n  22 e x a c t l y .  The d i f f e r e n c e  i n  t h e  tw o  r e s u l t s  w as i n  
t h e  o r d e r  o f  2 0 %.
T a b le  4 su m m a riz e s  v a l u e s  o f  K a n d  A f o r  a  few  r e p r e s e n t a t i v e  
s u b s t r a t e s  a n d  s h i f t  r e a g e n t s  o b t a i n e d  b y  t h e  ab o v e  m e th o d .
A v e r y  c l e v e r  p r o c e d u r e ,  a l s o  b a s e d  on  t h e  f o r m a t io n  o f  o n l y  a
481 :1  t y p e  o f  a d d u c t s  w as p r e s e n t e d  b y  S a n d e r s  e t  a l .  i n  1 9 7 2 . The pm r 
s p e c t r a  o f  2 -M e -a d a m a n ta n -2 -o l  w e re  r e c o r d e d  a t  s e v e r a l  c o n s t a n t  c o n c e n ­
t r a t i o n s  o f  t h e  s u b s t r a t e ,  v a r y in g  t h e  r e l a t i v e  am o u n t o f  E u (d p m )3 . The 
s h i f t  r e a g e n t  i s  a ssu m e d  t o  b e  c o o r d i n a t e d  p a r t i a l l y  w i th  w a te r ;  t h e  
e q u i l i b r i u m  c o n s t a n t  f o r  s u c h  h y d r a t e d  s p e c i e s  i s  a ssu m ed  h i g h ,  an d  
a s  a  r e s u l t ,  t h e i r  c o n c e n t r a t i o n  c o n s t a n t .  T he t o t a l  c o n c e n t r a t i o n  
o f  th e  s h i f t  r e a g e n t  w o u ld  t h e n  b e :
w h e re  [R] „  a n d  [R] r e p r e s e n t  t h e  e f f e c t i v e  a n d  w a te r  b o u n d  s h i f t  
6 x r  w
r e a g e n t  c o n c e n t r a t i o n s  r e s p e c t i v e l y .  F r a n  t h e  e q u a t i o n  o f  t h e  e q u i ­
l i b r i u m  c o n s t a n t  ( e q u a t io n  2 2 ) ,  t h e  f o l l o w i n g  e x p r e s s i o n  r e s u l t s :
(22 )
2
E q u a t io n  2 1 ,  h o w e v e r ,  i s  n o t  e x a c t ;  f ro m  e q u a t i o n  22 t h e  te r m  [ r *l ]
(23)
TABLE 4
V a lu e s  o f  E q u i l ib r iu m  C o n s ta n t s  an d  A D e te rm in e d  b y  P l o t s  o f  v s .  1/6, A ssum ing  1:1 A d d u c ts .
S h i f t
- 1
o  —
S u b s t r a t e R e a g e n t K ( in  M ) A ( in  ppm) R ef
n -p r o p y la m in e a Eu(dpm ) 43 H1 = 1 2 , H2  = 7 , H3  = 4 47
a II
1 2 H = 3 8 .7 ,  H2  = 2 4 , H3  -  1 3 .2 49
n e o p e n ta n o l 3 II 1 0 Hx = 1 9 , H3  = 7 47
a ft 6 .3 H = 2 3 .7 ,  H3  = 9 .5 49
n - p r o p y la m in e a E u ( f o d ) 3 > 1 0 0 H = 1 9 , H2  = 1 2 .7 ,  H3  «  6 . 6 47
n e o p e n ta n o la If > 1 0 0 Hx = 2 0 .8 ,  H2  = 8 .3 47
b  ci s o p r o p y l  a l c o h o l  ' M 97 50a
bt e t r a h y d r o f u r a n II 57 Hx = 1 9 .4 8 ,  H2  = 7 .9 3 50 a
b .  c
2 -b u ta n o n e II 32 5 0 a
p ro p ic p h e n o n e  a Eu (dpm) 15 CH2  = 6 .6 0 ,  CH3  = 5 .4 6  
o r t h o  = 5 .7 1
50b
a )  i n  CDClg
b) i n  CC1,4
c) v a l u e s  o f  A n o t  r e p o r t e d .
Nw
24
M 0  « 6
[R ]t  = W w + [R ]e f f  = — j -  + * [R ]w (24)
w h e re ,  a g a i n ,  6  i s  t h e  o b s e r v e d  c h e m ic a l  s h i f t  r e l a t i v e  t o  t h e  f r e e  
s u b s t r a t e ,  [L ] 0  i s  t h e  i n i t i a l  c o n c e n t r a t i o n  o f  t h e  s u b s t r a t e  a n d  A 
i s  t h e  l i m i t i n g  s h i f t  f o r  t h e  1 :1  a d d u c t .  F rom  e q u a t i o n  24  i t  b eco m es 
a p p a r e n t  t h a t  t h e  f o l l o w i n g  s t e p s  w o u ld  l e a d  t o  t h e  v a l u e  o f  t h e  e q u i ­
l i b r i u m  c o n s t a n t :
1) P l o t  [R ]fc v s .  [L ]c a t  c o n s t a n t  c h e m ic a l  s h i f t  a n d  e x t r a ­
p o l a t e  t o  [1*10  = 0 t o  o b t a i n  v a l u e s  o f  6/(A-6)K + [R]w »
2) T he s l o p e s  o f  s u c h  l i n e s  a r e  6/A a n d  h e n c e  A i s  d e te r m in e d ;
3) P l o t  t h e  y  i n t e r c e p t  fro m  s t e p  1 v s . 6/(A-6). The new  e x t r a ­
p o l a t i o n  t o  6/(A-6) = 0  w i l l  g iv e  1 /K .
The m e th o d  p r e s e n t s  t h e  d i s a d v a n t a g e  o f  h i g h  u n c e r t a i n t i e s ,  t h e  
e s t i m a t e d  e r r o r s  b e i n g  i n  t h e  o r d e r  o f  2 0 %.
Few a u t h o r s  h a v e  c o n s i d e r e d  t h e  p o s s i b i l i t y  o f  s e v e r a l  e q u i l i b r i a
51b e i n g  i n v o l v e d .  S h a p i r o  e t  a l .  a n a ly z e d  t h e  s y s te m :
R*Ii + L 5=* R*L2
w h e re  R = E u ( f o d ) 3  a n d  L = 3 , 5 ,5 - t r i m e t h y l - 3 - ( p - c h l o r o p h e n y l ) - c y c l o h e x a n o n e  
( 3 ) .  a n a l y s i s  o f  t h e  o b s e r v e d  s h i f t s  i s  p e r f o r m e d  b y  an  i t e r a t i v e  m e th o d . 
T he c o n c lu s i o n  t h a t  b o t h  c o m p le x e s  a r e  p r e s e n t ,  i s  r e a c h e d  b y  t h e  f a c t  
t h a t  t h e r e  e x i s t s  a  b e t t e r  c o r r e l a t i o n  b e tw e e n  t h e  o b s e r v e d  s h i f t s  a n d  
t h e  c a l c u l a t e d  o n e s ,  w hen c o m p a r in g  t h e  r e s u l t s  f ro m  f i t s  o b t a i n e d  u s in g  
e q u a t i o n  25 w i t h  e q u a t i o n  1 9 . I f  t h i s  i s  t h e  c a s e ,  a n d  i f  t h e  c o n c e n t r a ­
t i o n  o f  s u b s t r a t e  i s  k e p t  h ig h  w i t h  r e s p e c t  t o  t h e  c o n c e n t r a t i o n  o f  t h e  




t 8 roars; (26)
25
a n d  t h e  s t r a i g h t  l i n e  o b t a i n e d  b y  p l o t s  o f  [ l ] 0  v s .  1 /5  c o u ld  g iv e  
e r r o n e o u s  c o n c lu s i o n s  i f  e q u a t i o n  2 1  i s  a p p l i e d .
52A b e t t e r  a p p r o a c h  h a s  b e e n  i n t r o d u c e d  b y  R euben , who a l s o  
a n a ly z e d  t h e  s y s te m  d e s c r i b e d  b y  e q u a t i o n  2 5 . He u s e d  d i s s o c i a t i o n  
c o n s t a n t s  i n  h i s  c a l c u l a t i o n :
[R] • [id
S i  '[iT-LT..
[R*L] [Lj 
D2 °  W lJ "
(27)
C om plex f o r m a t io n  e q u i l i b r i a  i n v o l v i n g  n  e q u i v a l e n t  a n d  in d e p e n d e n t  
c o o r d i n a t i o n  s i t e s ,  a r e  d e s c r i b e d  b y  t h e  S c a t c h a r d  e q u a t i o n  o f  t h e  fo rm :
i .  -  - a  -  J L  (28)
k  kf  D D
w h e re  Lf  = [l ] , V = 1 ^  -  [R*L] + 2 [ R * ^ ]  , Rt  -  [R] + [R*L] + [ R * ^ ]
an d  Kp r e s u l t s  f ro m  c o n s i d e r i n g  s o  t h e  s y s te m  c a n  b e  d e s c r i b e d
w i t h  a  s i n g l e  d i s s o c i a t i o n  c o n s t a n t .  T h re e  c a s e s  a r e  a p p a r e n t  f o r  p l o t s  
o f  V /L f  v s .  V:
1) A s t r a i g h t  l i n e  r e s u l t s ,  i n d i c a t i n g  t h a t  a  1 :1  a d d u c t  i s  t h e  
o n ly  co m p le x e d  s p e c i e s  p r e s e n t  o r  t h e  a p p r o x im a t io n  = 4KD^ i s  t h e  
r e a l  c a s e .  T he tw o  ( o r  m o re) p o s s i b i l i t i e s  a r e  d i f f e r e n t i a t e d  b y  t h e  
v a l u e  o f  t h e  s l o p e  (= -  1 /K p) a n d  t h e  i n t e r c e p t  (= n /K p ) .
2 ) A c o n c a v e  l i n e  r e s u l t s ,  i n d i c a t i n g  t h e  p r e s e n c e  o f  2 :1  
a d d u c ts  w i t h  Kd 2  > 4 1 ^ .
3) A c o n v e x  l i n e  r e s u l t s ,  a l s o  i n d i c a t i n g  t h e  p r e s e n c e  o f  2 :1  
a d d u c t s  w i t h  < 4KD 1*
T he m e th o d  h a s  t h e  d i s a d v a n ta g e  t h a t  t h e  v a l u e s  f o r  t h e  l i m i t i n g  
s h i f t s  (A) m u s t b e  known f o r  e a c h  ty p e  o f  a d d u c t .  T h e r e f o r e ,  t h e  a d o p te d
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a p p r o a c h  h a s  b e e n  t h e  f o l l o w i n g :
1 ) w i t h  t h e  e x p e r i m e n t a l  d a t a  a n d  t h e  a p p r o x im a t io n  "  4KDi
an d  A, *= A„ ** A . K_ a n d  A a r e  o b t a i n e d  w h ic h  f i t  t h e  d a t a  b e s t ;1 2 M D N
2 ) u s i n g  A„ fro m  s t e p  1  a n d  t h e  e x p e r i m e n t a l  s h i f t s ,  a  S c a t c h a r dM




Lf  ( i M-A )R t
w h e re  p = Rt / Lt , ■= [ l ] + [R* L] + 2 [ R ' l ^ ] . T h e i r  s h a p e  i n d i c a t e s  w h ic h
o f  t h e  t h r e e  ab o v e  c a s e s  i s  p r e s e n t  a n d  t h i s  i n f o r m a t i o n  i s  u s e d  a s  g u id e  
f o r  s t e p  3 :
3) a  f i n a l  r e f i n e m e n t  i s  p e r f o r m e d  t o  d e te r m in e  v a l u e s  o f  K 's  
an d  A 's  t h a t  m in im iz e  t h e  d i f f e r e n c e s  b e tw e e n  t h e  e x p e r i m e n t a l  a n d  c a l ­
c u l a t e d  c h e m ic a l  s h i f t s .
T a b le  5 su m m a riz e s  v a l u e s  o f  e q u i l i b r i u m  c o n s t a n t s  a n d  l i m i t i n g  
s h i f t s  o b t a i n e d  b y  o n e  o f  t h e  a b o v e  m e th o d s .
Low t e m p e r a t u r e  nm r h a s  b e e n  u s e d  t o  s lo w  down s u f f i c i e n t l y  t h e  
fo r m a t io n  (a n d  d i s s o c i a t i o n )  r a t e  o f  t h e  a d d u c t s ,  s o  t h a t  s e p a r a t e  s i g ­
n a l s  h a v e  b e e n  d e t e c t e d  f o r  t h e  f r e e  a n d  t h e  co m p lex  s p e c i e s .  T a b le  6  
su m m a riz e s  s u c h  r e s u l t s  f ro m  s e v e r a l  a u t h o r s .  I t  i s  a p p a r e n t  t h a t  h ig h  
o r d e r  a d d u c ts  c a n n o t  b e  n e g l e c t e d  f o r  m o n o f u n c t io n a l  s u b s t r a t e s ,  b u t  a  
1 : 1  a d d u c t  i s  t h e  m o s t th e rm o d y n a m ic a l ly  s t a b l e  s p e c i e s  i n  t h e  c a s e  o f  
b i f u n c t i o n a l  s u b s t r a t e s .
56O sm om etry  w as a p p l i e d  b y  P o r t e r  e t  a l .  t o  t h e  E u (fo d )  
c h o l e s t e r o l  s y s te m ;  a  v e r y  p o o r  d e t e r m in a t i o n  o f  K i s  r e p o r t e d  (K^ i n  




V a lu e s  o f  E q u i l ib r iu m  C o n s ta n t s  a n d  A A ssum ing  F o rm a tio n  o f  1:1 a n d  2:1 A d d u c ts
K1 K2 A1 A2 — I  —I
S u b s t r a t e  ( i n  M ) ( i n  M ) G roup  ( i n  ppm) ( i n  ppm) R e f
3-CH 3 4 .4 0 1 .8 4
3b 2 2 2 6 3 .4 H2 e q 1 7 .5 2 7 .0 0 51
H ^ax 1 4 .5 6 5 .8 7
a c e to n e 1 2 2 1 4 .8 c h 3 6 .3 6 6 .3 6 5 3 °
DMSO 625 6 3 .7 c h 3 3 .9 5 3 .9 5 5 3 °
2 - p r o p a n o l 84 3 8 .3 c h 3 5 .0 2 8 .9 7 5 3 °
2 - p i c o l i n e ^ 2 5 .3 835 CH3 1 .1 5 2 .2 9
5 3 °
a )  S h i f t  r e a g e n t  E u ( f o d ) 3  i n  C C l/(
b )  O n ly  few  g ro u p s  i n  t h e  s u b s t r a t e  a r e  r e p o r t e d  i n  t h e  p r e s e n t  t a b l e .
c )  O r i g i n a l l y  K. a n d  K_ w e re  r e p o r t e d  a s  d i s s o c i a t i o n  c o n s t a n t s ; i n  t h e  
p r e s e n t  t a b l e  = lO O O /K ^
d ) O n ly  t h e  m e th y l  g r o u p s  s i g n a l s  w e re  a n a ly z e d .
28
TABLE 6
S to i c h io m e t r y  b y  L o w -T em p era tu re  NMR.
S u b s t r a t e
S h i f t
R e a g e n t S o lv e n t n R e f
DMSO





E u (fo d )
E u (d p m ). 
E u ( f o d ) .
P r ( f o d )
E u (d p m ), 
P r (d p m ) .
c d 2 c i 2
cs2
















a )  n  r e p r e s e n t s  t h e  s t o i c h i o m e t r y  o f  t h e  a d d u c t  Ln *R*
b ) DME ■ d im e th o x y e th a n e
29
w i t h  a  c a r b o n y l  i r o n  c o m p le x , (C ,.Hg)Fe (CO)2 CN, w i t h  Ln ( fo d )  3  (w h e re  Ln =
P r ,  E u , H o, a n d  Y b ) , f ro m  w h ic h  t h e  m o s t i m p o r t a n t  f e a t u r e  i s  t h e  o b s e r ­
v a t i o n  o f  3 : 1  a d d u c ts  i n  t h e  c a s e  o f  P r .
O n ly  o n e  c a s e  h a s  b e e n  s t u d i e d  s p e c t r p p h o t o m e t r i c a l l y : t h e  s y s te m
57c h l o r o q u i n e - P r  (dpm) 3  .  T he a s s u m p t io n  t h a t  o n ly  a  1 :1  t y p e  o f  co m p lex  i s
p r e s e n t  i s  b a s e d  on t h e  m e a s u re m e n ts  o f  t h e  a b s o r b a n c e  a t  332 nm a t  d i f ­
f e r e n t  c o n c e n t r a t i o n s  o f  t h e  s h i f t  r e a g e n t .  A c l e a r  b r e a k  i s  show n a t  
p «* 1 s u g g e s t i n g  t h a t  e q u a t i o n  19 i s  t h e  m o s t  i m p o r t a n t  p r o c e s s  i n v o l v e d .  
The e v a l u a t i o n  o f  t h e  e q u i l i b r i u m  c o n s t a n t  i s  b a s e d  an  t h e  a b s o r b a n c e  a t  
t h e  g iv e n  w a v e le n g th ,  w h ic h  i s  p r o p o r t i o n a l  t o  t h e  c o n c e n t r a t i o n  o f  t h e  
f r e e  c h l o r o q u i n e .  T a b le  7 c o m p a re s  t h e  r e s u l t s  fro m  pm r a n d  t h e  s p e c t r o -  
p h o t o m e t r i c  a n a l y s i s :
TABLE 7
C o m p a riso n  o f  E q u i l i b r iu m  C o n s ta n t s  fro m  PMR a n d  S p e c t r o p h o t o m e t r i c  M eth o d s
T e m p e ra tu re  K ( i n  M "S
°C pm r s p e c t r o p h o t o m e t r i c
20  6 4 .1  6 3 .1 7
48  1 3 .9 3  1 3 .4 6
a )  S u b s t r a t e :  c h l o r o q u i n e ;  s h i f t  r e a g e n t :  P r(d p m ) 
s o lv e n t : ( C D 3 ) 2 CO
58F e ib u s h  e t  a l . m e a s u re d  t h e  r e t e n t i o n  t im e  o f  s e v e r a l  s u b s t r a t e s  
i n  g a s - c h r o m a to g r a p h ic  e x p e r im e n t s  u s i n g  a s  co lu m n s 0 .1 3 1  m s o l u t i o n s  o f  
d i f f e r e n t  s h i f t  r e a g e n t s  i n  s q u a le n e  on  G as-C hrom  Z (15% c o a t i n g ) . S in c e  
t h e  r e t e n t i o n  t im e s  c a n  b e  e x p e c t e d  t o  b e  p r o p o r t i o n a l  t o  t h e  s t a b i l i t y
a
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o f  c o m p le x e s  b e tw e e n  t h e  s u b s t r a t e s  a n d  t h e  s h i f t  r e a g e n t s ,  i t  I s  p o s s i b l e  
t o  e s t a b l i s h  t h e  r e l a t i v e  m a g n i tu d e s  o f  t h e  c o r r e s p o n d in g  e q u i l i b r i u m  
c o n s t a n t s .  From  a  q u a n t i t a t i v e  p o i n t  o f  v ie w , h o w e v e r ,  s u c h  m e th o d s  may 
n o t  r e f l e c t  t h e i r  r e s u l t s  i n  t h e  nm r a p p l i c a t i o n s ,  m a in ly  b e c a u s e  o f  t h e  
d i f f e r e n t  c o n d i t i o n s  t h e  tw o  e x p e r im e n t s  r e q u i r e .
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RESULTS AND DISCUSSION 
O p t i c a l l y  A c t iv e  S h i f t  R e a g e n ts
I n  t h e  p r e l i m i n a r y  s t a g e  o f  t h i s  t h e s i s ,  e m p h a s is  h a s  b e e n  p l a c e d  
on  t h e  s y n t h e s i s  o f  o p t i c a l l y  a c t i v e  3 - d i c a r b o n y l  com pounds w h ic h  w o u ld  
s e r v e  a s  l i g a n d s  i n  t h e  f o r m a t io n  o f  o p t i c a l l y  a c t i v e  c o m p le x e s  2_, w h e re  






F o r  c o m p le x e s  b e tw e e n  a c e t y l a c e t o n e  a n d  h e x a d e n t a t e  l i g a n d ,  t h e
59a to m s  i n  e a c h  c h e l a t e  r i n g  a r e  c o p l a n a r  , b u t  t h e  c h e l a t e  i t s e l f  h a s  
t h r e e  a n d  o n e  sy m m etry  a x e s  ( p o i n t  g ro u p  D3 ) , a n d  i t  m u s t t h e r e f o r e
b e  c h i r a l .
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F ig u r e  2 show s t h e  p o s s i b l e  e n a n t io m e r s  f o r  t r i s c h e l a t e  o c t a ­
h e d r a l  c o m p le x e s  a lo n g  w i t h  t h e  d e f i n i t i o n  o f  t h e  tw o  a b s o l u t e  c o n f i g u r a t i o n s  
A a n d  A, a c c o r d in g  t o  t h e  n o m e n c la tu r e  p r o p o s e d  b y  t h e  C om m ission  on  t h e  
N o m e n c la tu re  o f  I n o r g a n i c  C h e m is try  o f  t h e  I n t e r n a t i o n a l  U n io n  o f  P u re  a n d  
A p p l ie d  C h e m is try 6 0 .
A A
F ig u r e  2 -  N o m e n c la tu re  f o r  T r i s c h e l a t e  o c t a h e d r a l  c o m p le x e s .
I n t e r a c t i o n  o f  2_ w i t h  an  e n a n t i o m e r i c  m ix tu r e  s h o u ld  y i e l d  f o u r  
p o s s i b l e  i s o m e r s ,  n a m e ly  A(R), A(S), A(R), a n d  A(S), w h ic h  a r e  n o t  d i f ­
f e r e n t i a t e d  on t h e  nm r t im e  s c a l e  b e c a u s e  o f  o n e  o f  t h r e e  p o s s i b l e  
r e a s o n s  ( o r  a  c o m b in a t io n  o f  th e m ) :
1) The g e o m e t r i c a l  c h a n g e s  i n v o l v e d  w i t h  e x t r a - c o o r d i n a t i o n  
d e s t r o y  t h e  o r i g i n a l  g e o m e try  a sy m m e try , r e s u l t i n g  i n  a  m ix tu r e  o f  
e n a n t io m e r s ;
2) The e x t r a - c o o r d i n a t i o n  f a v o r s  some e x c h a n g e  b e tw e e n  t h e  A a n d  
t h e  A c o n f i g u r a t i o n ;
3) The e q u i l i b r i u m  b e tw e e n  t h e  l a n t h a n i d e  co m p lex  a n d  t h e  in c o m in g  
m o le c u le ,  t o  fo rm  h i g h e r  c o o r d i n a t i o n  c o m p le x e s ,  i s  f a s t ,  a n d  o n ly  t h e  
a v e r a g e  o f  a l l  p o s s i b l e  c o m b in a t io n s  i s  o b s e r v e d  i n  t h e  nm r s p e c tr u m .
33
W h a te v e r  t h e  c a s e  i s ,  t h e  i n t r o d u c t i o n  o f  an  a s y m m e tr ic  g ro u p  i n
2  w o u ld  e v e n t u a l l y  p r o d u c e  a  d i a s t e r e o m e r i c  m i x tu r e :  A(R*) a n d  A (R*) (R" =
R* i n  2 ) ,  w h ic h  s h o u ld  i n d u c e  m a g n e t ic  d isy m m e try  b e tw e e n  t h e  e n a n t io m e r s
o f  an  o p t i c a l l y  a c t i v e  m i x t u r e ,  when t h i s  i s  u s e d  a s  t h e  in c o m in g  new
l i g a n d .
We c h o s e  t o  fo rm  co m p lex  2_, u s i n g  3 - s u b s t i t u t e d  a c e t y l a c e t o n e  
(AcAc) a s  t h e  l i g a n d  (R = R* = CH3  i n  2 ) ,  m a in ly  b e c a u s e  o f  t h e  f o l l o w in g  
r e a s o n s :
1) AcAc i s  r e a d i l y  a v a i l a b l e ;
2 ) T he c o m p le x e s  fo rm e d  b e tw e e n  t h e  m e ta l  io n  an d  AcAc a r e  
r e p o r t e d  t o  b e  h i g h l y  h y g r o s c o p ic ,  i n d u c i n g  a  low  c h e m ic a l  s h i f t  i n
t h e  p r o t o n  s i g n a l s  o f  a  s u b s t r a t e 6 '*'. On t h e  o t h e r  h a n d ,  t h e  c o r r e s p o n d ­
in g  c o m p le x e s  w i t h  dpmH a r e  r e l a t i v e l y  s t a b l e  a n d  m uch l e s s  h y g r o s c o p ic .
I f  s t e r i c  a n d / o r  i n d u c t i v e  e f f e c t s  a r e  r e s p o n s i b l e  f o r  s u c h  a  d i f f e r e n c e  
i n  b e h a v i o r ,  a l k y l  g r o u p s  a t  t h e  3 - p o s i t i o n  i n  AcAc may in d u c e  s i m i l a r  
d e s i r a b l e  p r o p e r t i e s ;
3) I n  o r d e r  t o  s y n t h e s i z e  3 - s u b s t i t u t e d  d i k e t o n e s ,  AcAc p r o v i d e s  
l e s s  s t e r i c  e f f e c t s  to w a rd  t h e  in c o m in g  a l k y l  g r o u p .
I n  c h o o s in g  t h e  o p t i c a l l y  a c t i v e  s u b s t i t u e n t s ,  t h e  f o l lo w in g  
c r i t e r i a  m u s t  h a v e  p r i o r i t y :
1) I t  m u s t b e  o b t a i n a b l e  i n  h ig h  o p t i c a l  p u r i t y ;
2) I f  t h e  a sy m m etry  i s  p ro d u c e d  b y  a  c h i r a l  c e n t e r ,  t h e  
s u b s t i t u e n t s  a t  s u c h  c e n t e r  m u s t b e  d i f f e r e n t  e n o u g h  t o  in d u c e  an  
o b s e r v a b l e  n o n - e q u iv a l e n c e  b e tw e e n  t h e  p o s s i b l e  c o m p le x e s  o f  2 _ an d  
t h e  e n a n t io m e r s  o f  t h e  o p t i c a l l y  a c t i v e  o r g a n ic  s u b s t r a t e .
W ith  t h e s e  i d e a s ,  tw o  R* g ro u p s  f o r  2_ we ire c h o s e n :
1) R* = <f>-C (C^H,.) H-CH^ - 1  a v a i l a b l e  th r o u g h  t h e  o p t i c a l l y  a c t i v e
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2 - p h e n y l b u t y r i c  a c i d .  By r e d u c t i o n  o f  t h e  a c i d  w i t h  L iA lH ^ , t h e  c o r r e s p o n d ­
i n g  a l c o h o l  i s  o b t a i n e d ,  w h ic h  c a n  b e  c o n v e r t e d  t o  t h e  h a l i d e  o r  t o s y l a t e .
CH2"ch2"
2) R* = '  ava:*-^a^,-*-e  c o m m e r c ia l ly  a s  t h e  o p t i c a l l y  a c t i v e
( - ) - a l c o h o l  ( n o p o l ) ; d u e  t o  t h e  h ig h  t e n d e n c y  o f  t h i s  s y s te m  t o  a r o m a t i z e ,  
o n ly  t h e  c o r r e s p o n d in g  t o s y l a t e  h a s  b e e n  u s e d .
S e v e r a l  a t t e m p t s ,  d e s c r i b e d  b e lo w , w e re  m ade t o  c a r r y  o u t  e q u a t i o n  
3 0 . U n f o r t u n a t e l y ,  i n  n o  c a s e  w as t h e  3 - a l k y l a t e d
(CH3 CO)2 CH2  + RX ► (CH3 -C O )2 CHR (30)
AcAc s u c c e s s f u l l y  i s o l a t e d .
B a s i c  C o n d i t i o n s  w i th  P o ta s s iu m  C a rb o n a te
P o ta s s iu m  c a r b o n a t e  w as  u s e d  a s  t h e  b a s e  f o r  a n io n  f o r m a t io n  fro m  
t h e  a c e t y l a c e t o n e ;  t h i s  i o n  w o u ld  d i s p l a c e  t h e  l e a v i n g  g ro u p :
(c h 3 c o ) 2 c h 2  + k 2 c o 3 — ► (c h 3 c o ) 2 c h "  K+
(31)
( c h 3 c o ) 2 c h ”  + r - x  — ► (c h 3 c o ) 2c h r
62The m e th o d  w as s u c c e s s f u l  w i t h  m e th y l  i o d i d e  w i th  a  y i e l d  o f  75 -  77%.
( E th y l  a n d  i s o p r o p y l  i o d i d e  w e re  a l s o  u s e d ,  b u t  n o  y i e l d  w as r e p o r t e d
f o r  t h e s e  c a s e s . )
H o w e v e r, a l k a l i  i o n s  fo rm  s a l t s  w i th  a c e t y l a c e t o n e  o f  h i g h
i o n i c  c h a r a c t e r ^  a n d  w i t h  v e r y  low  s o l u b i l i t y  i n  o r g a n i c  m e d ia .  D im e th y l
s u lp h o x id e  i s  known f o r  i t s  p r o p e r t i e s  a s  a  g o o d  s o l v e n t  f o r  c h a rg e d
s p e c i e s ,  b u t  i n  n e i t h e r  o f  t h e s e  m e d ia  ( a c e to n e  o r  DMSO) t h e  d e s i r e d
p r o d u c t  w as o b t a i n e d .  S t a r t i n g  m a t e r i a l s  o r  e l i m i n a t i o n  p r o d u c t s  w e re
i s o l a t e d  i n  h ig h  y i e l d  ( s e e  E x p e r i m e n t a l ) .
B e s id e s  t h e  s o l u b i l i t y  p r o b le m ,  c l e a v a g e  o f  t h e  a c e t y l a c e t o n e ,
o r  t h e  a l k y l a t e d  p r o d u c t  ( i f  fo rm e d ) c o u ld  o c c u r :
0 N
(C H .C O )C H R  + B~  ► C H ,-C = C H R  + 'c - C H .  (32)
3 3 I fi7 3
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R e g a rd in g  t h e  a l k y l a t i n g  a g e n t ,  t h e  b a s i c  c o n d i t i o n s  f a v o r  
e l i m i n a t i o n ,  w h ic h  w as o b s e r v e d  i n  t h e  c a s e  o f  2 - p h e n y lb u t y l  i o d i d e :
4>-CH-CH2 I  + B <t>-C=CH2  + BX
(33)
c h 2 c h 3  c h 2 - c h 3
A c id  C o n d i t i o n s  w i th  B oron  T r i f l u o r i d e
64BF3  i s  known t o  fo rm  c o m p le x e s  w i t h  a c e t y l a c e t o n e  o f  t h e  ty p e  : 
CH3
c -----0 c = 0
/  \  /
HC BF„     HC BF_
\  X /  2c = =  o c ----- o
I I
c k 3  c h 3
p r o v i d i n g  a  p o t e n t i a l  n u c l e o p h i l e  i n  d i s p l a c e m e n t  r e a c t i o n s :
6+ 9H3 l”3c - o  c = o
R -  OH /  \  /
+  CH , BF2 —  R - “  (34)
\ = o '
■S- I I
CH3  c h 3
One a d v a n ta g e  o f  t h e s e  c o n d i t i o n s  i s  t h a t  t h e  a l c o h o l  c a n  b e
u s e d  d i r e c t l y  s i n c e  BF3  a l s o  fo rm s  c o m p le x e s  w i th  a l c o h o l s  p r o v i d i n g
a  g o o d  l e a v i n g  g ro u p .
T he t e c h n i q u e  h a s  b e e n  u s e d  f o r  e t h y l  a c e t o a c e t a t e  a n d  a  s e r i e s
o f  a l k y l a t i n g  a g e n t s  w i th  y i e l d s  r a n g in g  fro m  60 -  67% f o r  i s o p r o p y l
65a l c o h o l  t o  10 -  14% f o r  t e r t - b u t y l  a l c o h o l  . W ith  a c e t y l a c e t o n e ,  t h e
663 - i s o p r o p y l  d e r i v a t i v e  h a s  b e e n  o b t a i n e d  i n  a  58% y i e l d  
I n  o u r  c a s e ,  w i th  a c e t y l a c e t o n e :
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1) The f o u r  m em ber r i n g  i n  t h e  n o p o l  w as a p p a r e n t l y  u n s t a b l e  
u n d e r  t h e  c o n d i t i o n s  o f  t h e  r e a c t i o n ,  s i n c e  t h e  pm r s p e c t r a  sh o w ed  a  
c o m p le te  c h a n g e  i n  t h e  r i n g  s y s te m  ( d i s a p p e a r a n c e  o f  t h e  m e th y l  g ro u p s  
o f  t h e  b r i d g e ) ;
2 ) F o r  t h e  2 - p h e n y l b u t y r i c  a l c o h o l ,  s t a r t i n g  m a t e r i a l s  w e re  
r e i s o l a t e d  i n  h ig h  y i e l d .
C o n s id e r in g  t h e  c l a s s i c a l  p r o c e d u r e  t h a t  l e a d s  t o  t h e  f o r m a t io n  
o f  a c e t y l a c e t o n e  i t s e l f  ( e q u a t io n  3 5 ) ,  t h e  f a c t  t h a t
(c h 3 c o ) 2 o  —  b f 3 c h 3 ~ c= o  + c h 3c o o  b f 3
H »0-»BF_
.( ll 3  =
O -BF.
• + CH2 -C -C H 3  CH2 =C-CH 3  + H
O-BF.
CH -0 = 0  + CH =C
\
CH.
~ P*0  H 0 -B F _ -F
1 M
C H -C -C H -C







Ch /^  \  X  CH 3 CH
n o  p r o d u c t  w as o b t a i n e d  w i t h  a  s u b s t i t u e n t  a t  t h e  3 - p o s i t i o n  i s  p a r t l y
i n d i c a t i v e  o f  t h e  h i g h  s t a b i l i t y  o f  t h e  co m p lex  £ ,  t o  w h ic h  an  a r o m a t ic
67 68c h a r a c t e r  h a s  b e e n  a t t r i b u t e d  ( t h i s  p r o p e r t y  h a s  b e e n ,  h o w e v e r ,  d i s p u t e d  )
E x t r a c t i v e  A l k y l a t i o n
T h is  r e l a t i v e l y  new t e c h n i q u e  w as i n t r o d u c e d  b y  B ra n d s tro m  e t  a l .
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i n  1 9 6 9 ^ .  I t  i s  b a s e d  on  t h e  o b s e r v a t i o n  o f  S c h i l l ^ ,  who u s e d  io n  p a i r
e x t r a c t i o n  a s  an  a n a l y t i c a l  m e th o d  t o  e x t r a c t  a n io n s  fro m  an  a q u e o u s  l a y e r
i n t o  c h lo r o f o r m  o r  m e th y le n e  c h l o r i d e .  A n a l y t i c a l  d a t a  c l e a r l y  i n d i c a t e
t h a t  m o s t a n io n s  c a n  b e  e x t r a c t e d  a s  i o n  p a i r s  w i t h  te tra b u ty la m m o n iu m  a s
t h e  c a t i o n i c  p a r t .
On a  p r e p a r a t i v e  s c a l e ,  io n  p a i r  e x t r a c t i o n  i s  a  s u r p r i s i n g l y
s im p le  p r o c e d u r e :  w hen a  w eak  a c i d ,  HA, i s  s h a k e n  w i th  a  c o n c e n t r a t e d
a q u e o u s  s o l u t i o n  o f  te t r a b u ty la m m o n iu m  h y d r o x i d e ,  QOH, t h e  i o n  p a i r
Q+A~ a p p e a r s  i n  t h e  c h lo r o f o r m  l a y e r .  I n  t h i s  w a y , com pounds c o n t a i n i n g
71an  a c t i v e  m e th y le n e  g ro u p  s u c h  a s  m e th y l  a c e t o a c e t a t e  ,  m e th y l  c y a n o -
72 73 74a c e t a t e  , a c e t y l a c e t o n e  a n d  d im e th y l  b e n z o y lm a lo n a te  h a v e  b e e n
a l k y l a t e d  b y  a d d in g  an  a l k y l  h a l i d e  t o  t h e  c h lo r o f o r m  e x t r a c t .  E ven
75w e a k e r  a c i d s ,  s u c h  a s  b e n z y l  c y a n id e  , g iv e  s i m i l a r  r e s u l t s ,  b u t  f o r
t h i s  c a s e  n o  s e p a r a t i o n  o f  t h e  tw o  l a y e r s  i s  p e r f o r m e d  due t o  t h e  lo w e r
c o n c e n t r a t i o n  o f  t h e  i o n  p a i r .  H o w ev er, i t s  r e a c t i v i t y  i s  h i g h  en o u g h
t o  p e r m i t  a  r a p i d  a l k y l a t i o n  i n  t h e  p r e s e n c e  o f  an  a l k y l  h a l i d e .  W ith
73a c e t y l a c e t o n e  i t s e l f ,  e x c e l l e n t  r e s u l t s  h a v e  b e e n  o b t a i n e d  ; a l k y l a t i o n  
p r o d u c t s  h a v e  b e e n  i s o l a t e d  i n  q u a n t i t a t i v e  y i e l d .
We a p p l i e d  t h e  t e c h n i q u e  t o  o u r  c a s e :  2 - p h e n y lb u t y l  i o d i d e  g av e
o n ly  e l i m i n a t i o n  p r o d u c t s  ( e q u a t io n  33) a n d  t h e  c o r r e s p o n d in g  t o s y l a t e  
g a v e  n o  i n d i c a t i o n  o f  a l k y l a t i o n  b a s e d  on pm r a n a l y s i s  o f  t h e  r e s u l t i n g  
m ix tu r e  ( s e e  E x p e r i m e n t a l ) .
We f e e l  t h a t  t h i s  m e th o d  c o u ld  b e  s u c c e s s f u l  i f  t h e  c o n d i t i o n s  o f  
t h e  r e a c t i o n s  w e re  o p t i m i z e d ;  h o w e v e r ,  d u e  t o  t h e  i n c r e a s e d  u s e  a n d  
e f f e c t i v e n e s s  o f  o t h e r  o p t i c a l l y  a c t i v e  s h i f t  r e a g e n t s  (fro m  d e r i v a t i v e s  
o f  cam p h o r a s  t h e  l i g a n d s ) , p r e p a r a t i o n  o f  t h e s e  new  com pounds i s  i n t e r e s t i n g  
o n ly  fro m  t h e  s y n t h e t i c  p o i n t  o f  v ie w . S in c e  o u r  o r i g i n a l  i n t e r e s t  w as t h e
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i n t e r a c t i o n  b e tw e e n  t h e  s h i f t  r e a g e n t s  a n d  s u b s t r a t e s ,  we d i r e c t e d  o u r  
a t t e n t i o n  t o  t h e  s t u d y  o f  d i f f e r e n t  a s p e c t s  o f  t h e  p r o p e r t i e s  o f  s u c h  
a  u s e f u l  t o o l  i n  nm r a n a l y s i s .
L a (d p m )^  a s  a  D ia m a g n e t ic  S h i f t  R e a g e n t
As d e s c r i b e d  i n  t h e  I n t r o d u c t i o n ,  t h e  o r i g i n  o f  t h e  c h e m ic a l  
s h i f t s  in d u c e d  b y  p a r a m a g n e t i c  l a n t h a n i d e  c o m p le x e s  i s  m a in ly  d i p o l a r .
F o r  g e o m e t r i c a l  c o r r e l a t i o n s ,  h o w e v e r ,  i t  i s  n e c e s s a r y  t o  a s s u r e  s u c h  
d i p o l a r  n a t u r e ,  o r  a t  l e a s t  t o  c o r r e c t  t h e  o b s e r v e d  s h i f t s  f o r  t h o s e  
p ro d u c e d  b y  p o s s i b l e  a d d i t i o n a l  m e c h a n ism s ; t h a t  i s ,  f o r  t h e  c o n t a c t  
in d u c e d  s h i f t s  (C IS) a n d  t h e  co m p lex  f o r m a t io n  s h i f t s  (C F S ).
F o r  s a t u r a t e d  s y s t e m s ,  t h e  e l i m i n a t i o n  o f  t h e  d a t a  c o r r e s p o n d in g
3
t o  t h e  n u c l e i  n e x t  t o  t h e  c o o r d i n a t i o n  c e n t e r  h a s  b e e n  s u g g e s t e d  , s i n c e  
t h e  C IS  a n d  t h e  CFS a r e  t r a n s m i t t e d  t h r o u g h  b o n d s  a n d  d e c l i n e  r a p i d l y  i f  
o n ly  a b o n d s  a r e  p r e s e n t .
I n  an  u n s a t u r a t e d  s y s te m ,  h o w e v e r ,  tt b o n d s  may f a c i l i t a t e  t h e  
t r a n s m i s s i o n  o f  c o n t a c t  m ech an ism  a n d  co m p lex  f o r m a t io n  e f f e c t s  t h r o u g h  
t h e  c h a i n .  The c a s e  o f  p y r i d i n e  an d  d e r i v a t i v e s  i s  p a r t i c u l a r l y  r e c a l l e d ,  
s i n c e  i t  h a s  b e e n  t h e  s u b j e c t  o f  s e v e r a l  s t u d i e s ^ ' w i t h  a  common 
o b s e r v a t i o n  am ong th e m : T he r a t i o  b e tw e e n  th e  o b s e r v e d  s h i f t s  f o r  a
g iv e n  n u c l e u s  i n  t h e  p r e s e n c e  o f  tw o  d i f f e r e n t  s h i f t  r e a g e n t s  i s  n o t  
a  c o n s t a n t  f o r  a l l  t h e  n u c l e i  i n  t h e  m o le c u le ,  w h ic h  w o u ld  b e  e x p e c t e d  
i f  t h e  o b s e r v e d  s h i f t s  w e re  p u r e l y  d i p o l a r  a n d  t h e  s t r u c t u r e s  o f  t h e  tw o  
a d d u c ts  (w i th  e a c h  s h i f t  r e a g e n t )  w e re  t h e  sam e . S u ch  n o n - c o n s t a n t  r a t i o s  
h a v e  b e e n  a t t r i b u t e d  t o  a  c o n t a c t  m ech a n ism , b u t  may a l s o  b e  d u e  i n  p a r t  
t o  a  CFS m e c h a n ism .
+3C o r r e c t i o n s  f o r  t h e  C IS C o u ld  b e  o b t a i n e d  u s i n g  Gd c o m p le x e s ,
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b u t  u n f o r t u n a t e l y  s e v e r e  b r o a d e n in g  i n  t h e  s i g n a l s  m akes s u c h  m e a s u re m e n ts
u s e f u l  o n ly  f o r  l i n e  w id th  d a t a .  C o r r e c t i o n s  f o r  t h e  CFS a r e  e a s i e r  t o
+3 +3d e te r m in e  w i t h  t h e  c o r r e s p o n d in g  c o m p le x e s  o f  La o r  Lu
L a ( I I I )  w as a r b i t r a r i l y  c h o s e n  i n  t h i s  s t u d y  a s  t h e  d ia m a g n e t i c  
l a n t h a n i d e  i o n ;  t h e  dpm l i g a n d ,  h o w e v e r ,  w as a l s o  o u r  c h o ic e  i n  l a t e r  
s t u d i e s ,  s o  i t  w as s e l e c t e d  b y  a n a lo g y .  U n f o r t u n a t e l y ,  t h e  s o l u b i l i t y  
o f  L a(dpm ) 3  i n  C Cl^ a n d  CDC13  i s  v e r y  lo w , a n d  i n  some c a s e s ,  i t  w as n o t  
p o s s i b l e  t o  a n a ly z e  t h e  d ia m a g n e t i c  e f f e c t s  o v e r  a  w id e  c o n c e n t r a t i o n  
r a n g e .
L a(dpm ) 3  a n d  P y r i d i n e
The CFS in d u c e d  b y  L a(dpm ) 3  o n  t h e  p y r i d i n e  p r o t o n s  u s i n g  C Cl^ 
a s  s o l v e n t  a r e  g iv e n  i n  T a b le  8  a n d  F ig u r e  3 a s  a  f u n c t i o n  o f  p (*= [L a (dpm3] /  
[ P y r i d i n e ] ) an d  t h e  c o n c e n t r a t i o n  o f  t h e  s u b s t r a t e .
W ith  CDC13  a s  t h e  s o l v e n t ,  t h e  CFS w e re  r e c o r d e d  a t  [ P y r id in e ]  = 
0 .6 9 5  M o n l y ,  w h ic h  a r e  r e p o r t e d  i n  T a b le  9 a n d  F ig u r e  4 .  In  b o th  s o l v e n t s ,  
d o w n f ie ld  s h i f t s  a r e  r e c o r d e d  a s  p o s i t i v e .
S e v e r a l  o b s e r v a t i o n s  d e s e r v e  com m ent.
I t  i s  a  g e n e r a l i z a t i o n  t h a t  t h e  c h e m ic a l  s h i f t s  in d u c e d  b y  a
53s h i f t  r e a g e n t  i n  CCl^ s o l u t i o n s  a r e  l a r g e r  t h a n  i n  CDC1 3  ; t h i s  h a s  b e e n  
a t t r i b u t e d  t o  a  l a r g e r  e q u i l i b r i u m  c o n s t a n t  f o r  a d d u c t  f o r m a t io n  i n  t h e  
f i r s t  s o l v e n t .  T h is  g e n e r a l i z a t i o n  c a n n o t  b e  a p p l i e d  i n  t h i s  c a s e  
b e c a u s e ,  w h i l e  t h e  o r t h o  p r o t o n s  d o  d i s p l a y  t h i s  ty p e  o f  b e h a v i o r ,  t h e  
m e ta  a n d  p a r a  p r o t o n s  d o  n o t .  I t  i s  c l e a r  t h a t  s u c h  an  e x p l a n a t i o n  i s  
n o t  s u f f i c i e n t  s i n c e  t h e  s h i f t s  show  a  c o m p le te ly  d i f f e r e n t  p a t t e r n  n o t  
o n ly  i n  th ie  m a g n itu d e  b u t  a l s o  i n  t h e  d i r e c t i o n  o f  t h e  d i s p l a c e m e n t .
E s p e c i a l l y  f o r  t h e  CCl^ s o l u t i o n s  ( F ig u r e  3 ) ,  a  n o n - l i n e a r  
c o r r e l a t i o n  b e tw e e n  t h e  o b s e r v e d  c h e m ic a l  s h i f t s  a n d  p i s  e v i d e n t .
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TABLE 8
C h e m ic a l S h i f t s  I n d u c e d  b y  L a(dpm ) 3  f o r  P r o to n s  i n  P y r i d i n e  U s in g  C C I4  a s  
S o l v e n t .
a
C h e m ic a l S h i f t s  ( i n  Hz)
[ p y r id i n e ] P
H 2 H3 H4
0 .5 4 8 0 .8 7 2 4 .3 9 2 .5 3 5 .1 4
0 .5 4 8 0 .6 3 2 1 .5 0 1 .1 4 3 .8 6
0 .5 4 8 0 .6 0 2 0 .0 6 0 .9 1 3 .2 6
0 .5 4 8 0 .3 1 9 .2 4 - 2 . 2 4 - 0 .3 9
0 .5 4 8 0 .2 4 6 .9 6 - 2 .3 4 - 0 . 9 9
0 .2 7 4 1 .2 6 2 4 .2 6 5 .9 6 8 .6 1
0 .2 7 4 0 .7 4 2 1 . 8 6 3 .1 6 5 .9 6
0 .2 7 4 0 .6 9 1 9 .8 6 1 .7 1 5 .0 9
0 .2 7 4 0 .3 5 1 1 .4 6 - 1 . 0 6 1 . 0 1
0 .1 3 7 1 .2 8 2 2 .2 4 5 .2 9 8 .0 9
0 .1 3 7 0 .7 2 1 8 .7 4 2 .5 9 5 .6 9
0 .1 3 7 0 .4 3 1 2 .8 9 0 .1 4 2 .5 4
0 .6 8 3 b 0 . 8 7 8 .9 5 7 4 2 .4 8 7 8 2 .1 3
a )  R e l a t i v e  t o  t h e  p o s i t i o n  a t  p = 0  u n l e s s  o t h e r w i s e  s t a t e d .
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F ig u r e  3 -  C h e m ic a l S h i f t s  o f  P y r i d i n e  v s .  p i n  C C l^ S o l u t i o n s .
TABLE 9
C h e m ic a l S h i f t s  In d u c e d  b y  L a(dpm ) 3  f o r  P r o t o n s  i n  P y r i d i n e  U s in g  CDCl^ 
a s  S o lv e n t 3 .
C h e m ic a l  S h i f t s  ( i n  H z ) * 5
P h 2  h 3  h 4
0 .1 5  2 .6 2  - 2 . 6 3  - 1 . 7 5
0 .2 8  4 .5 8  - 4 . 8 5  - 3 .5 3
0 .4 5  6 .8 4  - 5 . 7 8  - 4 . 1 6
0 .5 8  9 .0 9  - 6 . 9 7  - 4 . 7 4
0 .7 5  1 0 .8 0  - 7 .5 6  - 5 . 6 3
0 C 8 8 8 .6 9  7 5 2 .0 6  7 9 2 .1 3
a )  [ P y r i d i n e ]  <* 0 .695M .
b )  R e l a t i v e  t o  t h e  p o s i t i o n  a t  p «= 0  u n l e s s  o t h e r  s t a t e d .
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F ig u r e  4  ~ C h e m ic a l S h i f t s  o f  P y r i d i n e  v s .  p  i n  CDC13  S o l u t i o n s .
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23T h i s  o b s e r v a t i o n  h a s  b e e n  r e p o r t e d  p r e v i o u s l y  a l s o  b y  T o r i  e t  a l .
u s i n g  L a ( f o d ) ^  a s  t h e  d ia m a g n e t i c  s h i f t  r e a g e n t  f o r  t h e  CFS i n  p y r i d i n e
d e r i v a t i v e s .  The p r e s e n c e  o f  a d d u c ts  o f  d i f f e r e n t  s t o i c h i o m e t r y  a t  
51  72d i f f e r e n t  p '  h a s  b e e n  s u g g e s t e d  a s  a  p o s s i b l e  e x p l a n a t i o n .
S in c e  t h e  m a g n i tu d e s  o f  t h e  d i s p l a c e m e n ts  a r e  r e l a t i v e l y  lo w , 
an y  q u a n t i t a t i v e  a n a l y s i s  s h o u ld  i n c l u d e :
a )  T he r e a c t i o n  f i e l d  o f  t h e  s o l v e n t :  C C l^ i s  an  i n e r t  s o l v e n t ,
b u t  s u b j e c t  t o  p o l a r i z a t i o n  b y  t h e  s o l u t e  p e r m a n e n t  d i p o l e s ;  t h i s  m o d i f i e s  
i n  t u r n  t h e  e l e c t r o n  d i s t r i b u t i o n  i n  t h e  s u r r o u n d in g  m o le c u le s  t o  an  
e x t e n t  d e p e n d in g  on t h e i r  p o l a r i z a b i l i t y .  CDCl^ i s  n o t  an  i n e r t  s o lv e n t* * ',  
t h e  r e a c t i o n  f i e l d  i s  s t r o n g e r  i n  t h i s  m edium  a n d  f u r th e r m o r e  h y d ro g e n  
b o n d in g  i s  l i k e l y  t o  b e  p r e s e n t :
( I s o t o p e  e f f e c t s  w i l l  t e n d  t o  d e c r e a s e  t h e  v a l u e  o f  t h e  e q u i l i b r i u m  c o n s t a n t . )
b )  S e l f - a s s o c i a t i o n  o f  p y r i d i n e  w h ic h  may o c c u r  v i a  c h a rg e  
t r a n s f e r  c o m p le x e s  a n d / o r  d i p o l a r  a t t r a c t i o n .
c) T he p o s s i b i l i t y  o f  a d d u c t  f o r m a t io n  o f  d i f f e r e n t  s t o i c h i o m e t r y ,
23a s  s u g g e s t e d  b y  T o r i
d) The d i a m a g n e t i c  e f f e c t  o f  t h e  L a(dpm ) i t s e l f .
T a b le s  8  an d  9 a l s o  r e p o r t  t h e  c h e m ic a l  s h i f t s  o f  p y r i d i n e  i n  
t h e  tw o  s o l v e n t s  a t  a p p r o x im a te ly  t h e  sam e c o n c e n t r a t i o n ,  v is in g  TMS a s  
t h e  i n t e r n a l  r e f e r e n c e .  T he d i f f e r e n c e  b e tw e e n  th em  i s  o f  a  m a g n itu d e  
c o m p a ra b le  t o  t h e  s h i f t s  in d u c e d  b y  t h e  d i a m a g n e t i c  s h i f t  r e a g e n t ,  
c l e a r l y  i n d i c a t i n g  t h a t  t h e  s o l v e n t  e f f e c t  c a n n o t  b e  ig n o r e d  i f  a  
q u a n t i t a t i v e  a n a l y s i s  i s  t o  b e  c a r r i e d  o u t .
I n  o r d e r  t o  c o r r e c t  t h e  c h e m ic a l  s h i f t s  in d u c e d  b y  a  p a ra m a g ­
n e t i c  l a n t h a n i d e  co m p lex  f o r  t h e  CFS c o n t r i b u t i o n ,  p r o b a b ly  t h e  b e s t
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p r o c e d u r e  w o u ld  b e  t o  a n a ly z e  nm r s p e c t r a  i n  t h e  p r e s e n c e  o f  L a ( I I I )
( o r  L u ( I I I ) ) c o m p le x e s  u n d e r  t h e  f o l l o w i n g  c o n d i t i o n s :
1) U se o f  t h e  sam e s o l v e n t ;
2 ) U se o f  t h e  sam e s u b s t r a t e  c o n c e n t r a t i o n s ;
3) U se o f  p s u c h  t h a t  t h e  am o u n t o f  t h e  b o u n d e d  s u b s t r a t e  
w o u ld  b e  t h e  sam e i n  b o th  c a s e s .
W h ile  t h e  f i r s t  tw o  c o n d i t i o n s  a r e  e a s i l y  f u l f i l l e d ,  t h e  t h i r d  
o n e  r e q u i r e s  t h e  k n o w le d g e  o f  e q u i l i b r i u m  c o n s t a n t  an d  s t o i c h i o m e t r y  f o r  
t h e  l a n t h a n i d e  c o m p l e x e s / s u b s t r a t e  s y s te m .  From  t h e  ab o v e  c o n s i d e r a t i o n s ,  
i t  a p p e a r s  t h a t  f o r  a  d ia m a g n e t i c  l a n t h a n i d e  co m p lex  t h e  nm r i s  n o t  t h e  
b e s t  p a th w a y  t o  s u c h  d e t e r m i n a t i o n s .  O n ly  a s  a  f i r s t  a p p r o x im a t io n  may 
s h i f t s  o b s e r v e d  w i t h  a  p a r a m a g n e t i c  s h i f t  r e a g e n t  b e  c o r r e c t e d  f o r  t h e
CFS by  s u b t r a c t i n g  t h e  c o r r e s p o n d in g  s h i f t s  w i t h  L a ( I I I )  c o m p le x e s  e x t r a ­
p o l a t e d  t o  t h e  sam e v a lu e  o f  p .
L a (d p m )j a n d  A l i p h a t i c  S y s te m s
F o r  s t a t i s t i c a l  r e a s o n s ,  i t  i s  c o n v e n ie n t  t o  h a v e  a s  m any o b s e r ­
v a t i o n s  a s  p o s s i b l e  f o r  c o r r e l a t i o n s  b e tw e e n  c h e m ic a l  s h i f t s  a n d  g e o m e try ;  
s o  t o  d i s c a r d  t h e  d a t a  c o r r e s p o n d in g  t o  t h e  n u c l e i  n e x t  t o  t h e  c o o r d i n a t i o n  
c e n t e r  i n  t h e  c a s e  o f  a l i p h a t i c  s y s t e m s ,  w o u ld  b e  an  u n d e s i r a b l e  a l t e r n a t i v e  
e x c e p t  i n  t h e  c a s e  o f  l a r g e  m o l e c u l e s ,  w h e re  m any o b s e r v a t i o n s  a r e  a v a i l a b l e .
A g a in ,  t h e  c h e m ic a l  s h i f t s  in d u c e d  b y  a  d ia m a g n e t i c  s h i f t  
r e a g e n t  w o u ld  b e  o f  CFS n a t u r e ,  a n d  an  e s t i m a t i o n  o f  t h e i r  m a g n itu d e  
w i t h  s e v e r a l  L ew is  b a s e s  i s  d e s i r a b l e .
T a b le  10 i n c l u d e s  s h i f t s  in d u c e d  b y  La(dpm ) on a  few  a l i p h a t i c  
s u b s t r a t e s .  F o r  c o m p a r a t iv e  p u r p o s e s ,  t h e  r e p o r t e d  d a t a  c o r r e s p o n d  t o  
t h e  e x t r a p o l a t i o n  v a l u e  a t  p « l ,  a lo n g  w i th  t h e  maximum p a c h i e v a b l e .
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TABLE 10
C h e m ic a l S h i f t s  I n d u c e d  b y  L a(dpm ) 3  i n  A l i p h a t i c
Maximum
S u b s t r a t e  S o lv e n t  p
e t h a n o l  CDC13  0 .4 8
d im e th y l  s u lp h o x id e  C Cl^ 1 .0 3
2 - p e n ta n o n e  CDCl^ 0 .2 2
cam p h o r C C l^ 0 .3 1
d i e t h y l a m i n e  CDCI3  0 .6 5
e x o , e x o - 2 ,
3 - c a m p h a n e d io l  c c ^ 4  0 .6 9
S y s te m s 3 .
S h i f t s  e x t r a p o l a t e d  
t o  p b  1  i n  ppm
1 .0 6  (OH) 0 .1 3  (CH2 ) 
0 .1 4  (CH3 )
0 . 0  (c h 2 ) 0 . 0  ( c h 3 )
0 . 0  (aCH2 )
0 . 0  (c h 2 ) 0 . 0  ( c h 3 )
0 .3 3  (C2 H)b  0 .0  (C3 H)
a ) F o r  c l a r i t y  o f  t h e  t a b l e ,  t h e  n o n - s h i f t e d  s i g n a l s  a r e  o m i t t e d  i n  som e c a s e s .
b ) E x t r a p o l a t e d  fro m  m e a s u re m e n ts  a t  p < 0 . 3 .
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The CFS f o r  e t h a n o l  a r e  o f  t h e  o r d e r  o f  2% o f  t h o s e  in d u c e d  b y
E u(dpm ) 3 6 1  f o r  t h e  OH a n d  0.1%  f o r  CH2 , w h i le  t h e  m e th y l  g ro u p  r e m a in s
78u n c h a n g e d . The s h i f t  o b s e r v e d  i n  d im e th y l  s u l f o x i d e  i s  2.5%  o f  t h e  
c o r r e s p o n d in g  s h i f t s  w i t h  E u fd p m )^ . The pm r s i g n a l s  f o r  2 - p e n ta n o n e  
re m a in  u n a l t e r e d  b y  t h e  a d d i t i o n  o f  L a (d p m )3 , b u t  i t  w as n o t  p o s s i b l e  
t o  d i s s o l v e  an  a p p r e c i a b l e  am o u n t o f  t h e  s h i f t  r e a g e n t  i n  t h i s  c a s e .  
S i m i l a r l y ,  n o  s h i f t  i s  o b s e r v e d  f o r  cam p h o r a t  t h e  maximum p a c h ie v a b l e  
o f  0 .3 1 .  T he d i e t h y l a m i n e  s i g n a l s  a l s o  re m a in  u n a f f e c t e d  b y  t h e  L a (d p m )3 , 
i n t e r a c t i o n  b e tw e e n  t h e  tw o  r e a c t a n t s  i s  o b v io u s ly  p r e s e n t  s i n c e  t h e  h ig h  
v a lu e  o f  p ,  s o  i t  i s  s u r p r i s i n g  t h a t  n o  CFS i s  o b s e r v e d .
W ith o u t  im p ly in g  an  e x p l a n a t i o n  f o r  t h e  b e h a v i o r  o f  t h i s  g ro u p  o f  
s u b s t r a t e s ,  t h e  e f f e c t  o f  t h e  s o l v e n t ,  s e l f - a s s o c i a t i o n ,  d i e l e c t r i c  c o n ­
s t a n t ,  a n d  th e  p r e s e n c e  o f  s e v e r a l  s p e c i e s  m u s t  b e  i n c l u d e d  o n c e  m ore i n
79an y  i n t e r p r e t a t i o n .  I t  i s  r e c a l l e d  t h a t  a  d i f f e r e n c e  o f  - 4 . 9  ppm i s  
r e p o r t e d  f o r  t h e  c h e m ic a l  s h i f t  o f  t h e  OH i n  e t h a n o l  ( i n  C C l^ s o l u t i o n s )  
b e tw e e n  th e  a s s o c i a t e d  m o le c u le s  an d  t h e  c o r r e s p o n d in g  v a lu e  a t  i n f i n i t e  
d i l u t i o n  w i th  a  v a lu e  f o r  t h e  e q u i l i b r i u m  c o n s t a n t  f o r  s e l f - a s s o c i a t i o n  
o f  51  M- 1 . The s e l f - a s s o c i a t i o n  i n  t h e  c a s e  o f  a m in e s  i s  w e a k e r  ( f o r  
d i e t h y l a m i n e * 1  K = 2 .7 5  M * ) .  T he d i f f e r e n c e  i n  s o l v e n t s  d o e s  n o t  a l lo w  
a  d i r e c t  c o m p a r is o n  w i t h  t h e  s h i f t s  o b s e r v e d  i n  t h e  p r e s e n t  w o rk , s i n c e  
h y d ro g e n  b o n d in g  w i l l  l i k e l y  o c c u r  b e tw e e n  t h e  s u b s t r a t e  a n d  CDC1 3  when 
t h i s  i s  u s e d  a s  a  s o l v e n t ,  b u t  t h e  m a g n itu d e  i s  r e c a l l e d  a s  a  b a s i s  t o  
s t a t e  t h a t  t h e  CFS d o  n o t  a r i s e  fro m  a  s i n g l e  m e c h a n ism .
I n  o r d e r  t o  e l i m i n a t e  t h e  p o s s i b i l i t y  o f  s e v e r a l  t y p e s  o f  a d d u c ts  
b e in g  fo rm e d , e x o , e x o - 2 , 3 -c a m p h a n e d io l  w as a l s o  a n a ly z e d  ( s e e  t h e  l a s t  
e n t r y  i n  T a b le  1 0 ) .  The p r o t o n s  a  t o  t h e  OH a r e  t h e  o n ly  o n e s  a f f e c t e d  
b y  t h e  a d d i t i o n  o f  L a(dpm ) 3  t o  a  2% e x t e n t  i n  c o m p a r is o n  t o  t h e  s h i f t s
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in d u c e d  b y  E u ( d p m ) S i n c e  t h e  m o le c u le  c o n t a i n s  tw o  s i t e s  o f  c o o r d i n a t i o n ,  
i t  i s  e x p e c t e d  t h a t  o n ly  o n e  ty p e  o f  a d d u c t  ( 1 : 1 ) w i l l  b e  fo rm e d , b u t  a  
c l e a r  n o n - l i n e a r i t y  ( F ig u r e  5) i s  a l s o  fo u n d  f o r  t h i s  c a s e ,  w h ic h  can  
o n ly  b e  d u e  t o  a  c o m b in a t io n  o f  c o n t r i b u t i o n s  t o  t h e  CFS.
La(dpm ) a n d  C o u p l in g  C o n s ta n t s
80S h a p i r o  e t  a l .  r e p o r t e d  t h a t  t h e  c o u p l in g  c o n s t a n t  f o r  t h e
a - g e m in a l  p r o t o n s  i n  cam p h o r show s a  c h a n g e  o f  0 .5  Hz (b eco m es m ore
n e g a t i v e )  upon  t h e  a d d i t i o n  o f  E u jd p m )^  (P = 0 . 3 ) .  S i m i l a r  o b s e r v a -  
61  8 0 -8 5t i o n s  ' h a v e  b e e n  r e p o r t e d .  The m ech an ism  f o r  s u c h  e f f e c t s  i s
s t i l l  u n d e r  i n v e s t i g a t i o n ,  b u t  s e v e r a l  s u g g e s t i o n s  h a v e  b e e n  o f f e r e d .
81  6 1  Among th em  a r e  c o n f o r m a t i o n a l  c h a n g e s  , a  c o n t a c t  m ech an ism  , c h e m ic a l -
82 80 e x c h a n g e - s p in  d e c o u p l in g  a n d  t h e  L ew is  a c i d  n a t u r e  o f  t h e  s h i f t
r e a g e n t  ( s u b s t i t u e n t  e f f e c t ) .
W h a te v e r  t h e  m ech an ism  i s ,  i t  m u s t a l s o  a c c o u n t  f o r  t h e  o b s e r ­
v a t i o n  i n  t h e  p r e s e n t  w o rk : o f  t h e  com pounds a n a ly z e d  a n d  l i s t e d  i n
T a b le  1 0 , o n ly  cam p h o r sh o w ed  a  d e p e n d e n c e  o f  t h e  c o u p l in g  c o n s t a n t s
up o n  t h e  a d d i t i o n  o f  t h e  L a ( d p m ) A  c h a n g e  fro m  - 1 7 . 8  Hz a t  p = 0
2
t o  - 1 8 .7  Hz a t  p -  0 .3 1  i s  o b s e r v e d  f o r  t h e  J „ „ ( C - 3 )  w h ic h  i s  c o m p a ra b leHH
80t o  t h e  c h a n g e  in d u c e d  b y  E u(dpm ) 3  i n  S h a p i r o 's  r e p o r t
The d e p e n d e n c e  o f  t h e  c o u p l in g  c o n s t a n t  o f  g e m in a l  p r o t o n s  on 
c o n f o r m a t i o n a l  c h a n g e s  i s  s m a l l  co m p ared  t o  t h e  s u b s t i t u e n t  e f f e c t ,
9
e s p e c i a l l y  when it b o n d s  a r e  i n v o l v e d  , an d  p a r t i c u l a r l y  w hen t h e  p l a n e  
c o n t a i n i n g  C ^ -O X  i s  p e r p e n d i c u l a r  t o  t h e  p l a n e  fo rm e d  b y  H -C ^-H . Con­
f o r m a t i o n a l  c h a n g e s ,h o w e v e r ,  a r e  n o t  r u l e d  o u t  b y  t h e  o b s e r v a t i o n  i n
2
t h e  p r e s e n t  w o rk ,  e v e n  i f  t h e  m a g n itu d e  o f  t h e  c h a n g e  i n  J  i s  b e t t e r  
















. 8 4 .8
P
F ig u r e  5 -  C h e n d c a l S h i f t s  o f  AB S p e c tru m  i n  e x o , e x o - 2 , 3 -  
C a m p h a n e d io l a s  a  F u n c t io n  o f  p .
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m ech an ism  a n d  t h e  c h e m ic a l  e x c h a n g e - s p in  d e c o u p l in g  a r e  n o t  l i k e l y  c a u s e s  
f o r  t h e  c h a n g e  i n  t h e  c o u p l in g  c o n s t a n t s ,  s i n c e  t h e y  a r e  a s s o c i a t e d  o n ly  
w i t h  t h e  p r e s e n c e  o f  u n p a i r e d  e l e c t r o n s .
A n a ly s i s  o f  L a n th a n id e - I n d u c e d  S h i f t s  (L IS ) i n  B o r n e o l
B e c a u s e  o f  i t s  r i g i d  s t r u c t u r e ,  b o r n e o l  h a s  b e e n  s e l e c t e d  on
s e v e r a l  o c c a s i o n s  f o r  c o r r e l a t i o n s  b e tw e e n  g e o m e t r i c a l  s t r u c t u r e  a n d
c h e m ic a l  s h i f t s  in d u c e d  b y  l a n t h a n i d e  c o m p le x e s  (dpm a n d  f o d ) .
As a l r e a d y  m e n t io n e d  i n  t h e  i n t r o d u c t i o n ,  t h e r e  a r e  s e v e r a l
a s s u m p t io n s  m ade w hen t h e  M cC o n n e ll e q u a t i o n  i s  a p p l i e d  t o  t h e  L IS
84a n a l y s i s .  Hawkes e t  a l .  a t t e m p te d  t o  d e te r m in e  q u a n t i t a t i v e l y  t h e  
im p o r ta n c e  o f  o n e  s u c h  a s s u m p t io n ;  t h a t  i s ,  t h e  o r i e n t a t i o n  o f  t h e  
p r i n c i p a l  m a g n e t ic  a x i s ,  s i n c e  g e n e r a l l y  i t  i s  s u p p o s e d  t o  b e  c o l i n e a r  
w i t h  t h e  L n -0  b o n d . T h e i r  c o n c lu s io n  w as t h a t  d e v i a t i o n  o f  s u c h  c o ­
l i n e a r i t y  i s  s m a l l  (< 2 ° ) ;  I n  ( f o d ) ^  ( In  «  Eu a n d  P r )  w as u s e d  a s  t h e  
s h i f t  r e a g e n t .  As w i l l  b e  shown b y  t h e  s t u d y  o f  e q u i l i b r i u m  c o n s t a n t s  
a n d  s t o i c h i o m e t r y  i n  t h e  p r e s e n t  w o rk , f l u o r i n a t e d  l a n t h a n i d e  c o m p le x e s  
t e n d  t o  fo rm  2 : 1  a d d u c t s .
We a l s o  s e l e c t e d  b o r n e o l  f o r  s i m i l a r  s t u d i e s ,  w i t h  p a r t i c u l a r  
a t t e n t i o n  t o  t h e  f o l l o w i n g :
1) S e l e c t i o n  o f  a  g e o m e t r i c a l  s t r u c t u r e  f o r  b o r n e o l ;
2) U se o f  t h e  LaM ar c o r r e l a t i o n  f o r  t h e  C^  p o i n t  g r o u p ;
3) I m p o r ta n c e  o f  r o ta m e r  p o p u l a t i o n  d i s t r i b u t i o n ;
4) I n f l u e n c e  o f  c o n t a c t  i n t e r a c t i o n s  b y  n e g l e c t i n g  
t h e  a - p r o t o n  i n  t h e  c a l c u l a t i o n s ;
5) C o l i n e a r i t y  o f  t h e  m a g n e t i c  a x i s  a n d  t h e  L n -0  b o n d ;
6 ) T re a tm e n t  o f  t h e  m e th y l  g r o u p s .
51
C h e m ic a l s h i f t  d a t a  w e re  o b t a i n e d  b y  a  d i r e c t  d e t e r m i n a t i o n  a n d  
b y  c o m p e t i t i v e  s y s te m s  a n a l y s i s  ( s e e  B o rn e o l  a n d  E u ( d p m ) . T hey  a r e  
su m m a riz e d  i n  T a b le  1 1 .
S e l e c t i o n  o f  a  G e o m e tr i c a l  S t r u c t u r e  f o r  B o rn e o l
S in c e  n o  X -r a y  a n a l y s i s  h a s  b e e n  r e p o r t e d  f o r  c o m p le x e s  b e tw e e n
b o r n e o l  a n d  t h e  s h i f t  r e a g e n t  (w h ic h  i s  t h e  m o s t  common c a s e  f o r  o t h e r
s u b s t r a t e s ), we c h o s e  t h r e e  s i m i l a r  m o le c u le s  a n d  u s e d  t h e  r e s u l t s  
r e p o r t e d  fro m  t h e i r  X - r a y  a n a l y s i s .  T he f i n a l  c o o r d i n a t e s  f o r  p r o t o n s  
i n  t h e  b o r n e o l  s t r u c t u r e  sure su m m a riz e d  i n  T a b le s  12 -  14 a n d  c o r r e s p o n d




F ig u r e  6  -  O r i e n t a t i o n  o f  A tom s i n  t h e  C o n v e n t io n a l  C o o r d in a te  
S y s te m . The o x y g en  a to m  i s  l o c a t e d  a lo n g  t h e  x  a x i s  
a n d  C]i l i e s  o n  t h e  x y  p l a n e .  4* i s  t h e  a n g le  E u -0 -C 2 . 
{p i s  t h e  a n g le  b e tw e e n  t h e  z  a x i s  a n d  t h e  p r o j e c t i o n  
o f  t h e  Eu c o o r d i n a t e s  on t h e  y z  p l a n e .
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TABLE 11
PMR C h e m ic a l S h i f t s  f o r  B o rn e o l  ( S h i f t  R e a g e n t  E u (d p m )3 >,
P r o to n
L IS  fro m
D i r e c t
D e te r m in a t io n
C o m p e t i t iv e
S y s te m s
2 - e x o
3 - en d o  
3 - e x o  
4
6 - en d o
1-C H .
7 -C H j-a n t i
7 -C H j-s y n
2 4 .3
1 6 .6 3
8 .6 5
5 .5 7





2 1 .1 8
1 4 .1 3
7 .6 3
4 .1 2











1 .1 9  
1.11
a )  i n  CC1 4
b ) i n  CDC13
53
TABLE 12
€1C o o r d in a t e s  f o r  P r o t o n s  i n  B o rn e o l  fro m  r e f  85 .
Atom *
O xygen 0 .  0 .  0 .
2 -e x o  1 .7 6  (1 .8 1 )  0 .6 0  ( 0 .7 2 )  - 0 . 8 3  ( - 0 .7 0 )
3 -e x o  2 .6 6  ( 2 .2 4 )  1 .3 7  (1 .3 2 )  0 .9 9  (1 .4 5 )
3-e n d o  1 .1 2  (0 .6 7 )  1 .0 5  (0 .5 9 )  1 .9 0  (2 .0 0 )
4 3 .2 1  (2 .8 1 )  - 0 . 3 0  ( - 0 .4 7 )  2 .8 7  (3 .1 2 )
6 - e n d o  0 .0 6  (0 .2 7 )  - 2 . 1 1  ( - 2 .2 2 )  0 .8 1  (0 .4 5 )
l-C H _b  2 .1 8  (2 .6 5 )  - 2 . 2 0  ( - 2 .0 3 )  - 1 . 6 7  ( - 1 .6 5 )3
.b7-CH3- a n t i  4 .3 0  (4 .1 5 )  - 2 . 8 0  ( - 2 .7 8 )  1 .2 8  (1 .5 1 )
7 -C H j-s y n b  4 .6 9  (4 .5 6 )  - 0 . 3 1  (0 .1 1 )  0 .0 3  (0 .5 7 )
2 .8 3  - 1 . 4 1  - 1 .9 5
1-C H ° 2 .5 6  - 3 .0 7  - 1 .2 63
3
7-CH 3 -s j2 » C 5 .2 4  - 0 . 3 4  0 .9 2
4 .0 3  0 .4 9  - 0 .1 5
1 .1 5  - 2 . 1 1  - 1 .8 7
4 .4 9  - 2 . 9 3  0 .2 6
7 - C H _ - a n t i°  4 .9 4  - 2 . 2 0  1 .8 5
3 .4 8  - 3 . 2 6  1 .7 3
4 .7 9  - 1 . 0 8  - 0 . 6 8
a )  N um bers i n  p a r e n t h e s e s  a r e  fro m  th e  p r im e  m o le c u le  r e p o r t e d  i n  
r e f  85 ( s e e  t e x t ) .
b ) As a  p o i n t  g ro u p  a lo n g  t h e  C-C b o n d .
c )  The t h r e e  c o o r d i n a t e s  c o r r e s p o n d  t o  e a c h  p r o t o n  i n  t h e  m o s t  s t a b l e  
s t a g g e r e d  c o n f o r m a t io n .
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TABLE 13
C o o r d in a te s  f o r  P r o t o n s  i n  B o rn e o l  fro m  r e f  8 8 .
Atom
O xygen
2 - e x o
3 - e x o  
3 - en d o  
4
6 - en d o
1-CH*
7 -C H ^-a n t i














- 0 .1 2
- 2 .4 6
- 2 .1 2
- 2 .1 8
0 .6 7
0 .





- 1 .5 7
0 .9 7
- 0 .3 2
a )  As a  p o i n t  g ro u p  a lo n g  t h e  C-C b o n d .
TABLE 14
C o o r d in a t e s  f o r  P r o t o n s  i n  B o rn e o l  fro m  r e f  8 9 .
Atom x  y  z
O xygen 0 .  0 .  0 .
2 - e x o  1 .7 8  0 .6 1  - 0 .8 7
3- e x o  2 .5 5  1 .5 4  1 .0 9
3 - e n d o  1 .0 9  0 .9 3  1 .9 6
4 3 .6 4  - 0 .2 2  2 .6 6
6 - e n d o  0 .1 2  - 1 . 9 9  1 .0 3
1-CH? 2 .3 1  - 2 . 3 0  - 1 .6 23
V
V
7 - C H „ - a n t ia  4 .3  - 2 . 8 1  1 .1 1
7 -C H ,- s y n a  4 .5 6  - 0 . 1 1  - 0 .2 8
2 .9 0  - 1 . 5 0  - 1 .9 4
1-CH^ 2 .7 4  - 3 . 1 1  - 1 .1 13
3
1 .2 7  - 2 . 2 9  - 1 .8 0
5 .0 3  - 2 . 2 6  1 .6 3
7 -C H „ -a n t ib  4 .4 2  - 3 . 0 0  0 .0 9
3 .4 5  - 3 . 1 6  1 .6 2
5 .2 4  - 0 . 1 1  0 .5 3
7-CH 3 - s y n b  4 .6 2  - 0 . 8 5  “ 1 .0 2
3 .8 2  0 .6 3  - 0 .3 3
a )  As a  p o i n t  g ro u p  a lo n g  t h e  C-C b o n d .
b ) T he t h r e e  c o o r d i n a t e s  c o r r e s p o n d  t o  e a c h  p r o t o n  i n  t h e  m o s t  s t a b l e  
s t a g g e r e d  c o n f o r m a t io n .
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A m ore s p e c i f i c  d e s c r i p t i o n  i s  n e c e s s a r y  i n  r e g a r d  t o  t h e  e x t r a ­
p o l a t i o n  o f  t h e  p r o t o n  c o o r d i n a t e s  fro m  e a c h  m o d e l m o le c u le .
( + ) - 1 0 - B r o m o - 2 - c h lo r o - 2 - n i t r o s o c a m p h a n e  ( 6 ) fo rm s  a s y m m e tr ic  
c r y s t a l  u n i t s  w h ic h  c o n s i s t  o f  tw o  c r y s t a l l o g r a p h i c a l l y  i n d e p e n d e n t
c h e m ic a l  m o l e c u l e s .  Two s e t s  o f  c o o r d i n a t e s  a r e  t h e r e f o r e  a v a i l a b l e
85a s  r e p o r t e d  b y  F e rg u s o n  e t  a l .  . S in c e  o n ly  c a r b o n s  a n d  h e te r o a to m s  
a r e  g i v e n ,  e x t r a p o l a t i o n  fro m  e a c h  m o le c u le  i n c l u d e s :
°86
1) L o c a t io n  o f  t h e  o x y g en  a to m  a lo n g  t h e  C2 ~N b o n d  a t  1 .4 3  A
fro m  C2 ;
°8 62) L o c a t io n  o f  p r o t o n  2 - e x o  a t  1 .0 7 3  A fro m  C2  a n d  a lo n g  
t h e  C2 -C 1  b o n d ;
3) L o c a t io n  o f  h y d ro g e n s  3 , 5 ,  a n d  6  b y  t h e  sam e g e o m e t r i c a l
87d i s t r i b u t i o n  a s  g iv e n  f o r  n o r b o m a n e  ;
«>874) L o c a t io n  o f  h y d ro g e n  4 a t  1 .1 1  A fro m  C4  a n d  on a  v e c t o r  
p e r p e n d i c u l a r  t o  t h e  p l a n e  C3 -C 7 -C 5  w h ic h  p a s s e s  th r o u g h  C4 »
C l





As a  m o d e l f o r  b o r n e o l ,  (+ ) -3 -b ra m o c a m p h o r  (7_) s u f f e r s  b e c a u s e  
2
o f  t h e  s p  h y b r i d i z a t i o n  a t  C2 , w h ic h  d i s t o r t s  t h e  g e o m e try  w i t h  r e s p e c t  
t o  b o r n e o l .  I n  o r d e r  t o  a p p r o x im a te  t h e  b o r n e o l  s t r u c t u r e ,  t h e  5 m em bered 
r i n g  fo rm e d  b y  C j ,  Cg , C&, C1  an d  C? w as p r o j e c t e d  th r o u g h  C4 , C? 
p l a n e  t o  s i m u la t e  t h e  g e o m e t r i c a l  c o o r d i n a t e s  f o r  t h e  e t h y l e n e  b r i d g e .
08P r o to n  c o o r d i n a t e s  w e re  r e p o r t e d  b y  A l le n  e t^  a l .  a s  t h e  r e s u l t  o f
X - ra y  a n a l y s i s ,  s o  o n ly  t h e  p o s i t i o n  o f  t h e  o x y g en  a to m  w as a p p r o x im a te d
®86a lo n g  t h e  c o r r e s p o n d in g  C-H a t  1 .4 3  A fro m  C
N o rb o m a n e  i t s e l f  ( 8 ) w as a  m o d e l com pound f o r  b o r n e o l ;  e l e c t r o n
89d i f f r a c t i o n  s t u d i e s  w e re  r e p o r t e d  b y  C h ia n g  e t  a l .  .  I n c l u s i o n  o f  t h e  
n e c e s s a r y  m e th y l  an d  o x y g en  p o s i t i o n s  w as a c c o m p l is h e d  a s  f o l l o w s :
1) The o x y g en  a to m  w as l o c a t e d  i n  t h e  sam e m a n n e r  a s  f o r  6i
2) The C 's  f o r  t h e  m e th y l  g ro u p s  w e re  l o c a t e d  a lo n g  t h e  r e s p e c t i v e
C-H b o n d s  a t  a  d i s t a n c e  fro m  t h e  a to m s o f  t h e  b i c y c l e  a t  w h ic h  t h e y  a r e
85a t t a c h e d  a s  g iv e n  b y  F e rg u s o n  e l: a l .  .
T he p o s i t i o n  o f  h y d ro g e n s  i n  t h e  m e th y l  g r o u p s  w e re  a l s o  c o n s i d e r e d
s e p a r a t e l y ,  i n  a  s t a g g e r e d  c o n f o r m a t io n ,  w h ic h  i s  i n c l u d e d  i n  T a b le s  12 an d
8 614 ( l a s t  t h r e e  e n t r i e s ) . B ond a n g l e s  a n d  d i s t a n c e s  w e re  s t a n d a r d  .
B e c a u s e  o f  t h e  f r e q u e n t  u s e  o f  f ram ew o rk  m o l e c u l a r  m o d e ls ,  
c o o r d i n a t e s  w e re  a l s o  o b t a i n e d  b y  t h i s  m e th o d , an d  a r e  su m m a riz e d  i n  
T a b le  1 5 .
C l a s s i c a l  A p p ro a ch  t o  t h e  A n a ly s i s  o f  LIS
As d e s c r i b e d  i n  A p p e n d ix  1 ,  t h e  s t r a i g h t  f o r w a r d  a p p l i c a t i o n  o f  
t h e  M cC o n n e ll f o r m u l a t i o n  ( e q u a t io n  10) i n v o l v e s  o n ly  o p t i m i z a t i o n  o f  
t h r e e  p a r a m e t e r s ;  t h e y  a r e  t h e  d i s t a n c e  L n -0  a n d  t h e  a n g l e s  <f> an d  ip o f  
F ig u r e  6 . R e s u l t s  f o r  t h e  f i v e  m o le c u le s  w i th  b o th  s e t s  o f  L IS  d a t a  a r e  
g iv e n  i n  T a b le  1 6 , w h e re  R i s  d e f i n e d  i n  A p p e n d ix  1 a s :
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TABLE 15
C o o r d in a t e s f o r  P r o t o n s  i n  B o rn e o l  U s in g  F ram ew ork  M o le c u la r  M o d e ls3 .
X y z
O xygen 0 . 0 . 0 .
2 - e x o 1 .8 5 0 .5 0 - 1 . 0 0
3 -e x o 2 .7 5 - 1 .6 5 - 1 . 0 0
3 -e n d o 1 . 2 0 - 2 .2 5 0 . 2 0
4 3 .5 0 - 2 .5 0 1 .3 5
6 - e n d o 0 .0 5 0 . 0 0 2 . 1 0
I-C H 3 2 .0 5 2 .3 5 1 .3 5
7-CH 3 - a n t i b 4 .2 5 0 . 1 0 3 .1 0
7-CH 3 - s y n b 4 .6 0 0 .2 5 0 . 0 0
a )  C o n v e n t io n  i n  t h e  c o o r d i n a t e s  s y s te m  i s  d i f f e r e n t  fro m  F ig u r e  6 .
b ) As a  p o i n t  g ro u p  a lo n g  t h e  C-C b o n d .
TABLE 16
Least-square Fit of
B o rn e o l  C o o r d in a t e s  
d e r i v e d  fro m
S t r u c t u r e  6
S t r u c t u r e  6 '
S t r u c t u r e  7
S t r u c t u r e  8
F ram ew ork
M o le c u la r
M o d e ls
LIS in Borneol to Axial Symmetry Approximation.
L IS  fro m
D i r e c t
D e te r m in a t io n
L n -0  = 2 .9 8  A 
(j) = 12 7 °
Ip = 109°
R = 1.3%
L n -0  = 1 .8 0  A 
<f> «  155°
Ip = 110°
R =» 5.5%
L n -0  = 0 .7 5  A 




L n -0  = 3 .0 5  A 




L n -0  = 3 .6 5  A 
<|) = 119° 
lp -  187°
R = 2.8%
C o m p e t i t iv e
S y s te m s
Ln-O  = 3 .0 4  A 
<j> «* 1 2 5 °  
ip -  1 1 1 °
R <=> 2 .02%
L n -0  = 2 .8 2 - 2 .7 2  
<j) -  1 1 6 -1 2 1 °  
-  1 1 1 -1 1 7 °  
R = 12.5%
L n -0  = 0 .7 6  A
4) -  15 1 ° 
ip -  11 8 °
R = 15.1%
L n -0  = 3 .1 4  A 
<f> = 12 5 ° 
ip = 1 1 8 °
R = 2.5%
L n -0  = 1 .7 1  A 
(f> = 1 9 4 ° 
ip = -2 9 °
R =* 7.2%
a ) No c o n v e rg e n c e .
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One i s  im m e d ia te ly  s t r u c k  w i th  t h e  l a r g e  v a r i a t i o n  i n  I n - O , 
C -O -Ln a n g le  a n d  R fro m  m o d e l t o  m o d e l .  T he im p o r ta n c e  o f  a  m odel 
com pound , e v e n  f o r  a  c l a s s i c a l  a p p l i c a t i o n  o f  e q u a t i o n  1 0 , i s  c l e a r ,  
an d  i f  n o t  s e l e c t e d  p r o p e r l y  ca n  i n t r o d u c e  s e r i o u s  e r r o r s  i n  an y  
c o n c l u s i o n s .
I t  w o u ld  b e  a  t e d i o u s  p r o c e d u r e  t o  a n a ly z e  e a c h  e f f e c t  m e n t io n e d
i n  t h e  s e c t i o n  A n a ly s i s  o f  L a n th a n id e - I n d u c e d  S h i f t s  i n  B o m e o l  f o r  e a c h
s e t  o f  d a t a  a n d  f o r  e a c h  m o le c u le .  I t  a p p e a r s  t o  b e  a  b e t t e r  p r o c e d u r e
t o  s e l e c t  t h e  b e s t  m o d e ls  b y  th e  r e s u l t s  o f  T a b le  16 u s i n g  th e  c r i t e r i a
90s u g g e s t e d  b y  H a m ilto n  b y  d e t e r m in in g  t h e  c o n f id e n c e  l e v e l  a c c o r d in g  t o  
t h e  R v a l u e  r a t i o .
Among t h e  f i r s t  f o u r  e n t r i e s  f o r  t h e  c o o r d i n a t e  m o d e ls ,  tw o  
g ro u p s  a r e  c l e a r l y  d i f f e r e n t i a t e d ,  m o le c u le s  6  a n d  8  a f f o r d  R f a c t o r s  
m uch s m a l l e r  t h a n  6 _’ a n d  7 .  A r a t i o  5 . 5 / 2 . 9  ( t h a t  i s ,  t h e  b e s t  R among 
r e s u l t s  f ro m  6 /  a n d  7 a n d  t h e  w o r s t  R among r e s u l t s  fro m  a n d  8 ) a l lo w  
a c c e p ta n c e  o f  s t r u c t u r e  £  a t  t h e  75% c o n f id e n c e  l e v e l .  The c o n f id e n c e  
l e v e l  f o r  t h e  m o d e l w h ic h  r e s u l t s  i n  a  2.9%  R f a c t o r  v s .  t h e  o t h e r  
e n t r i e s  f o r  6 /  a n d  7. i s  t *1 6  r a n g e  o f  97.5%  o r  h i g h e r .  E ven  i f  a  
75% c o n f id e n c e  l e v e l  i s  n o t  en o u g h  t o  d i s c a r d  c o o r d i n a t e s  fro m  6 ^ , i n  
o r d e r  t o  t e s t  t h e  f a c t o r s  m e n t io n e d  i n  A n a ly s i s  o f  L a n th a n id e - I n d u c e d  
S h i f t s  i n  B o m e o l ,  t h e  p r e f e r e n c e  w as g iv e n  t o  t h e  b e s t  f o u r  f i t s  among 
T a b le  1 6 .  The s e l e c t i o n  o f  c o o r d i n a t e s  fro m  (3 a n d  8 > o v e r  t h o s e  o f  6 /  
an d  7 i s  s t r e n g t h e n e d  b y  n o t i n g  t h e  r e l a t i v e l y  s h o r t  L n -0  b o n d  d i s t a n c e s  
p ro d u c e d  b y  t h e  l a t t e r  tw o  m o d e ls .
F ram ew ork  m o le c u la r  m o d e ls  p r e s e n t  a  s p e c i a l  c a s e .  The n o n ­
s e l e c t i o n  o f  t h i s  s e t  o f  c o o r d i n a t e s  f o r  f u r t h e r  a n a l y s i s  i s  n o t  b a s e d  
p r i n c i p a l l y  on t h e  R f a c t o r s  r a t i o ,  b u t  r a t h e r  on  th e  m a g n i tu d e  o f  t h e
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Ln - 0  b o n d  d i s t a n c e s ,  w h ic h  r e s u l t s  i n  h i g h  a n d  lo w  v a l u e s  d e p e n d in g  
on  t h e  s e t  o f  L IS  u s e d  (c o m p a rin g  w i t h  o t h e r  s y s t e m s ,  t h e  I n - 0  b o n d  
d i s t a n c e s  g e n e r a l l y  l i e  i n  t h e  r a n g e  2 . 5 - 3  K) .
T he ex a m p le  i n c l u d e d  i n  A p p e n d ix  1 c o r r e s p o n d s  t o  t h i s  t y p e  
o f  c o r r e l a t i o n s  ( c o o r d i n a t e s  fro m  <6 a n d  L IS  o b t a i n e d  b y  d i r e c t  
d e t e r m i n a t i o n ) .
U se o f  LaM ar C o r r e l a t i o n  f o r  P o i n t  G roup
S in c e  b o t h  s e t s  o f  d a t a  f o r  t h e  L IS  o f  T a b le  11 a r e  o b t a i n e d
u s i n g  E u(dpm ) 3  a s  t h e  s h i f t  r e a g e n t ,  w h ic h  fo rm s  a  1 :1  a d d u c t  ( s e e
B o m e o l  a n d  E u (d p m )^ ) ,  t h e  g e o m e t r ic  d i s t r i b u t i o n  f o r  h e p t a c o o r d i n a t e d
c o m p le x e s  w i l l  b e  c o n s i d e r e d  n e x t .
T h re e  g e o m e t r i c a l  a r r a n g e m e n ts  a r e  known f o r  c o o r d i n a t i o n  
19n u m b er 7 a n d ,  i n  a n a lo g y  w i th  X -ra y  a n a l y s i s  i n  t h e  c a s e  o f  o t h e r  
s u b s t r a t e s ,  i t  c a n  b e  e x t r a p o l a t e d  t h a t  t h e  a r r a n g e m e n t  o f  F ig u r e  7 
w i l l  a l s o  b e  p r e f e r r e d  i n  t h e  p r e s e n t  c a s e .
F ig u r e  7 -  G e o m e tr i c a l  A rra n g e m e n t f o r  H e p ta c o o r d in a t e d
L a n th a n id e  C o m p le x es . A d d i t i o n  o f  t h e  s e v e n th  
c o o r d i n a t i o n  s i t e  c a n  b e  v i s u a l i z e d  t o  o c c u r  
ab o v e  t h e  c e n t e r  o f  o n e  o f  t h e  r e c t a n g u l a r  
f a c e s  o f  a  t r i g o n a l  p r i s m .
C o n s id e r in g  o n ly  t h e  c e n t r a l  i o n ,  t h e  o r b i t a l  d i s t r i b u t i o n  
b e lo n g s  t o  t h e  C^y  p o i n t  g r o u p ,  s o  a p p l i c a t i o n  o f  e q u a t i o n  14 c o u ld  
b e  e x p e c t e d  t o  r e s u l t  i n  a  b e t t e r  a g r e e m e n t .  T a b le  17 su m m a riz e s  s u c h
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TABLE 17
Least-square Pit of LIS in Borneol to Point Group3'^  (1 Rotamer).
L IS  fro m
B o m e o l  C o o r d in a t e s  D i r e c t  C o m p e t i t iv e
d e r i v e d  fro m  D e te r m in a t io n  S y s te m s
L n -0  »  3 .0 1  X L n -0  = 3 .0 9
<t> = 128° <p »  1 2 4 °
S t r u c t u r e  6
S t r u c t u r e  8
Oip = 118° ip = 97
C2  = 0 .1 0  C2  = - 0 .1 4
a  = 22° a  = 1 .4 °
R *  1.08%  R = 0.8%
L n -0  = 2 .6 7  A L n -0  = 3 .2 5  A
<p = 119° <p = 12 6 °
ip = 1 7 3 °  = 1 2 9 °
C2  = 0 .7 1  C2  = 0 .2 1
a  = 57° a  = 31°
R = 0.8% R = 2.14%
Ah. /  3 c o s 2  0 .  - 1  _ s i n 2  0 .  c o s  J2.i  ~ ( x 3 l  i(j  c/ —j.  o v - ?  S  ----------- *r?--------- l )u  X  X  f
w h e re  0 ^ ,  r ^  a n d  a r e  d e f i n e d  i n  F ig u r e  25 (A p p en d ix  1 ) .
b ) a  ■> a n g l e  o f  r o t a t i o n  a ro u n d  z '  a x i s  ( s e e  A p p e n d ix  1 ) .
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r e s u l t s  b y  o p t i m i z i n g  t h e  p a r a m e t e r s  L n -0  d i s t a n c e , t h e  a n g l e s  <|> a n d  ^  
( F ig u r e  6 ) ,  t h e  c o n s t a n t  ( e q u a t io n  14) an d  t h e  r o t a t i o n  th r o u g h  z  
( s e e  A p p e n d ix  1 ) .
The 0.8%  v a lu e  f o r  t h e  R f a c t o r  i s  t h e  b e s t  f i t  o b t a i n e d  among 
T a b le s  17 t o  2 2 . H o w ev er, t h e  c o n c lu s i o n  t h a t  a  lo w e r  sy m m etry  e q u a t i o n  
b e t t e r  d e s c r i b e s  t h e  o b s e r v e d  L IS  s h o u ld  n o t  b e  t a k e n  t o o  l i t e r a l l y .  I n  
t h e  f i r s t  p l a c e ,  a l l  e n t r i e s  i n  T a b le  17 a r e  t h e  r e s u l t  o f  5 p a r a m e te r  
o p t i m i z a t i o n  w i th  7 o b s e r v a t i o n s ;  t h i s  l e a v e s  o n ly  2 d e g r e e s  o f  f r e e d o m .
F o r  t h i s  c a s e ,  H a m i l t o n 's  s t a t i s t i c s  p r o v i d e s  f o r  a c c e p t i n g  t h e  m o d e ls  
w i t h  a  R = 0.8%  o v e r  t h e  m o d e l w i t h  R = 2.14%  a t  t h e  50% c o n f id e n c e  
l e v e l  ( w i th in  t h e  sam e t a b l e ) .
I n  t h e  s e c o n d  p l a c e ,  c o m p a r in g  t h e  r e s u l t s  fro m  t h e  c l a s s i c a l  
a p p r o a c h  (T a b le  16) w i t h  t h e  o n e s  o b t a i n e d  b y  lo w e r  sy m m etry  (T a b le  1 7 ) ,  
t h e  f o l l o w i n g  o b s e r v a t i o n s  c a n  b e  m ad e : T he d i r e c t l y  d e te r m in e d  L IS
a n d  c o o r d i n a t e s  fro m  8 _ r e s u l t  i n  t h e  h i g h e r  d i f f e r e n c e  i n  t h e  R f a c t o r s  
among t h e  e n t r i e s  o f  b o t h  t a b l e s ;  u s i n g  t h e  H a m ilto n  c r i t e r i a  f o r  t h e  
c o n f id e n c e  l e v e l ,  a  90% i s  p r e d i c t e d  f o r  t h e  a c c u r a c y  o f  t h e  m o d el 
f o r  t h i s  g ro u p  o f  c o o r d i n a t e s  a n d  L IS . S in c e  t h e  d i f f e r e n c e  i n  t h e  R 
f a c t o r s  f o r  t h e  o t h e r  d a t a  s e t  a r e  l o w e r ,  i t  cannot b e  s t a t e d  t h a t  t h e  
C^v  m o d e l i s  a  b e t t e r  r e p r e s e n t a t i o n  f o r  t h e  c o r r e l a t i o n  o f  L IS  w i th  
g e o m e t r i c a l  f a c t o r s .
P r e v i o u s  a t t e m p t s  t o  e s t a b l i s h  t h e  im p o r ta n c e  o f  a  C2 v  a p p r o x i -
54m a t io n  (LaM ar e q u a t i o n ) , w e re  c a r r i e d  o u t  b y  C ram er a n d  D u b o is  f o r  
t h e  L IS  i n  3 - p i c o l i n e  u s i n g  E u (d p m )^  a s  t h e  s h i f t  r e a g e n t .  A t -1 1 5 ° C , 
tw o  p e a k s  f o r  e a c h  p r o t o n  i n  t h e  c c m p le x e d  m o le c u le  w e re  o b s e r v e d ,  
w h ic h  h a s  b e e n  e x p l a i n e d  b y  t h e  n o n - a x i a l  sy m m e try . A v a lu e  o f  R = 0 .3 3 7  
w as o b t a i n e d  w i th  t h e  a x i a l  sy m m etry  a s s u m p t io n ,  w h i l e  a  v a lu e  o f  R = 0 .0 3 8
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r e s u l t e d  fro m  a  C2 v  e q u a t i o n .  T h is  d i f f e r e n c e  a l lo w s  t h e  r e j e c t i o n  o f
t h e  a x i a l  sy m m etry  a s s u m p t io n  w i t h  a  99% c o n f id e n c e .
33 34T h is  c o u ld  b e  i n t e r p r e t e d  b y  e i t h e r ,  H u b e r a n d  B r ig g s  e t  a l .
35o r  D y er e t  a l .  a r g u m e n ts .  The low  t e m p e r a t u r e  c o u ld  r e d u c e  t h e  f r e e  
r o t a t i o n  a ro u n d  t h e  Ln-N  b o n d  an d  r e d u c e  t h e  r a t e  o f  e x c h a n g e  o f  f r e e  
a n d  co m p le x e d  m o l e c u l e s ,  t h a t  a t  room  t e m p e r a t u r e  w e re  u s e d  t o  j u s t i f y  
t h e  s o c ia l  sy m m etry  a p p r o x im a t io n .
Im p o r ta n c e  o f  R o ta m e r P o p u la t i o n  D i s t r i b u t i o n
S in c e  t h e  Eu i o n  i s  n o t  l o c a t e d  a lo n g  t h e  C2 ~ 0  b o n d , t h e  p r e s e n c e  
o f  o n ly  1 r o t a m e r  c o u ld  b e  a  s i m p l i f i e d  m o d e l ,  e v e n  i f  p o s i t i o n  A i n  
F ig u r e  8  i s  l i k e l y  t o  r e p r e s e n t  t h e  m o s t s t a b l e  (a n d  s o ,  t h e  m ore 




F ig u r e  8  -  S ta g g e r e d  R o ta m e rs  f o r  B o m e o l .  A, B a n d  C 
a r e  t h e  t h r e e  p o s s i b l e  c o n f o rm e rs  f o r  t h e  
l o c a t i o n  o f  t h e  Eu i o n  a t t a c h e d  t o  t h e  o x y g en  
a to m .
I t  i s  u n d e r s to o d  t h a t  a n a l y s i s  f o r  r o t a m e r  p o p u l a t i o n  d i s t r i b u t i o n  
c o u ld  b e  b e t t e r  p e r f o r m e d  b y  i n c l u d i n g  a l l  p o s s i b l e  r o t a m e r s ,  b u t  r e s t r i c ­
t i o n  t o  t h e  t h r e e  m ore  th e rm o d y n a m ic a l ly  s t a b l e  r o t a m e r s  ( a t  s t a g g e r e d  
p o s i t i o n )  s h o u ld  b e  r e p r e s e n t a t i v e  f o r  t h e  t o t a l  d i s t r i b u t i o n  t o  a  f i r s t
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a p p r o x im a t io n .
T a b le  18 i n c l u d e s  r e s u l t s  f o r  t h e  l e a s t  s q u a r e  f i t s , w h e r e  t h e
a n g le  i s  f i x e d  t o  t h e  s t a g g e r e d  p o s i t i o n  d e f i n e d  b y  A i n  F ig u r e  8  a n d  t h e
o t h e r  r o ta m e r s  a r e  l o c a t e d  1 2 0 °  a p a r t .  B e c a u se  o f  t h e  p r e s e n c e  o f  t h e
b i c y c l e ,  t h e  h ig h  v a l u e s  f o r  t h e  R f a c t o r s  i n  t h i s  t a b l e  a r e  p r o b a b ly
d u e  t o  t h e  p o o r  s e l e c t i o n  f o r  t h e  4> a n g l e ,  b u t  a t t e m p t s  t o  o p t im iz e  t h i s
p a r a m e t e r  a l s o  w e re  u n s u c c e s s f u l .
Two g e n e r a l  c o n c lu s i o n s  c a n  b e  d ra w n ; on  t h e  o n e  h a n d ,  p o s i t i o n  A
a lw a y s  r e s u l t s  i n  t h e  h i g h e r  p o p u l a t e d  r o t a m e r ,  w h ic h  i s  i n  a g r e e m e n t  w i th
t h e  r e s u l t  o f  a  s i n g l e  r o ta m e r  a n a l y s i s .  On t h e  o t h e r  h a n d ,  t h e  r e l a t i v e
p o p u l a t i o n  o f  t h e  r o t a m e r s  B a n d  C d e p e n d s  on t h e  c h o s e n  m o d e l. U s in g
d i r e c t l y  d e t e r m in a te d  L IS  w i th  m o d e l 6 , r o t a m e r  B i s  m ore p o p u l a t e d  th a n
C , b u t  t h e  o p p o s i t e  r e s u l t s  f ro m  t h e  sam e L IS  s e t  a n d  c o o r d i n a t e s  fro m  8 _^
A 5 .3 6 / 5 .1 3  r a t i o  f o r  t h e  R f a c t o r s  a t t r i b u t e s  l e s s  t h a n  50% c o n f id e n c e
i n  t h e  m o d e l w i t h  t h e  lo w e r  R f a c t o r ,  a n d ,  i n  b o t h  c a s e s ,  v a l u e s  o f  b o n d
d i s t a n c e s  a n d  a n g l e s  a r e  r e a s o n a b l e .  From  s t e r i c  c o n s i d e r a t i o n s ,  h o w e v e r ,
r o ta m e r  B s h o u ld  b e  l e s s  s t e r i c a l l y  c ro w d ed  th a n  C , s o  a  h i g h e r  c o n f id e n c e
i s  p l a c e d  i n  t h e  a n a l y s i s  t h a t  r e s u l t s  i n  t h i s  r o ta m e r  p o p u l a t i o n  d i s t r i b u t i o n .
31A n a ly s i s  o f  r o t a m e r  p o p u l a t i o n  w as p e r f o r m e d  b y  W ing e t  a l .  a n d  
91A rm ita g e  et_ a l . on  a  n u m b er o f  s u b s t r a t e s .  I t  a p p e a r s  t h a t  s u c h  a n a l y s i s
c o u ld  b e  o f  g r e a t  im p o r ta n c e  i n  some c a s e s ,  s i n c e  i t  c o u ld  a c c o u n t  f o r  a
w ro n g  a s s ig n m e n t  o f  t h e  s i g n a l s  w hen s t e r e o c h e m i c a l  i n f o r m a t i o n  i s  d e s i r e d .
I n  t h e  p a r t i c u l a r  c a s e  o f  b i c y c l e s ,  a  s e r i e s  o f  a n a l y s e s  i s  p r e s e n t e d  b y  
31W ing e t  a l .  , t h a t  j u s t i f i e s  t h e  o r d e r  o f  e x p e c t e d  p o p u l a t i o n  d i s t r i b u t i o n ,  
b a s e d  on s t e r i c  c o n s i d e r a t i o n s .
S i m i l a r  c a l c u l a t i o n s  f o r  t h e  C^v p o i n t  g ro u p  a f f o r d s  T a b le  1 9 .




Least-square Fit of LIS in Bomeol to McConnell Equation (3 Rotamersa).
L IS  fro m
B o m e o l  C o o r d in a t e s  D i r e c t  C o m p e t i t iv e
d e r i v e d  fro m  D e te r m in a t io n  S y s te m s
O °
L n -0  = 2 .9 4  A L n -0  = 2 .9 6  A
S t r u c t u r e  6
r o t .  p o p .  = 0 . 8 9 , 0 . 1 1 , 0 .  r o t .  p o p . = 0 . 9 0 , 0 . 1 0 , 0 .
(j) = 13 0 ° <p = 128°
R = 5.13%  R «= 5.58%
Q
S t r u c t u r e  8
L n -0  = 2 .5 8  A L n -0  = 2 .9 1  A
r o t .  p o p .  = 0 . 7 0 ,0 . 0 9 , 0 . 2 1  r o t . p o p .  <= 0 . 9 0 , 0 . 1 0 , 0
<f> “ 140° <t> = 131°
R = 5.36% R = 7.64%
a )  R o ta m e r p o p u l a t i o n  c o r r e s p o n d s  t o  p o s i t i o n s  A, B a n d  C r e s p e c t i v e l y  
( F ig u r e  8 ) .
b )  A f i x e d  a t  s t a g g e r e d  p o s i t i o n  if - 8 4 .2 7 ° .
c )  A f i x e d  a t  s t a g g e r e d  p o s i t i o n  iJj = 9 0 .3 7 ° .
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TABLE 19
Least-square Fit of LIS in Borneol to C^v Point Group (Three Rotamers).
L IS  fro m
B o rn e o l  C o o r d in a t e s  D i r e c t  C o m p e t i t iv e
d e r i v e d  fro m  D e te r m in a t io n  S y s te m s
L n -0  = 2 . 0 - 2 . 1  A3 L n -0  = 2 .2 3
r o t .  p o p .  = 
0 . 8 6 ,0 . 1 1 ,0 . 0 3
r o t .  p o p . = 
0 . 8 5 , 0 . 0 9 ,
S t r u c t u r e  6_ ({> = 1 3 6 -1 4 0 ° ()> = 132°
C2  = 0 .9 3 - 0 .9 4 C2  = 0 .3 3
R = 4.1% R = 0.94%
L n -0  = 2 .9 4  A L n -0  = 2 .8 4  '
r o t .  p o p .  = r o t .  p o p .  =
0 . 9 4 , 0 . 0 7 , 0 . 0 1 . 0 , 0 . , 0
S t r u c t u r e  8 _ <() = 13 0 ° <f> = 1 1 9 °
C2  = - 0 .1 3 C2  = 0 .3 6
R = 5.48% R = 3.2%
a) No c o n v e rg e n c e .
Oft
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i n  t h e  L IS , a s  d e m o n s t r a te d  b y  t h e  f a c t  t h a t  n o  c o n v e rg e n c e  i s  o b t a i n e d  
f o r  t h e  sam e s e t  o f  c o o r d i n a t e s  f o r  L IS  a r i s i n g  fro m  a  d i r e c t  d e t e r m in a ­
t i o n ,  w h i l e  t h o s e  fro m  t h e  c o m p e t i t i v e  a n a l y s i s  g iv e  a c c e p t a b l e  p a r a m e te r s  
a t  c o n v e rg e n c e .  T h is  d o e s  n o t  im p ly  t h a t  L IS  o b t a i n e d  b y  t h e  c o m p e t i t i v e  
p r o c e d u r e  a r e  m ore a c c u r a t e  t h a n  t h e  o n e s  fro m  a  d i r e c t  d e t e r m i n a t i o n ,  
s i n c e ,  a s  w as s t a t e d  p r e v i o u s l y ,  t h e  o p t i m i z a t i o n  o f  ^  i s  n o t  p e r fo rm e d  
i n  t h e s e  c a s e s .
I n f l u e n c e  o f  t h e  C o n ta c t  I n t e r a c t i o n  b y  N e g le c t i n g  t h e  g - P r o t o n  i n  t h e  
C a l c u l a t i o n
I f  a  c o n t a c t  i n t e r a c t i o n  o r  CFS m ech an ism  i s  p r e s e n t ,  t h e i r  c o n -
92t r i b u t i o n  i s  l i k e l y  t o  b e  m o s t p ro n o u n c e d  a t  t h e  a - p r o t o n  (H^) . R e j e c t i o n
o f  t h e  c o r r e s p o n d in g  d a t a  w o u ld  g i v e  an  i d e a  o f  how m uch e r r o r  i s  i n t r o ­
d u c e d  i n  a p p r o x im a t in g  t h e  c h e m ic a l  s h i f t s  t o  b e  o f  p u r e l y  d i p o l a r  o r i g i n .  
T a b le  20 r e p o r t s  t h e  r e s u l t s  o b t a i n e d  i n  t h i s  c a s e .  O p t im iz a t io n  o f  t h e  
p a r a m e t e r s  i s  a n a lo g o u s  t o  t h o s e  i n  T a b le  1 6 , s i n c e  o n e  r o ta m e r  i s  c o n ­
s i d e r e d  a n d  a x i a l  sy m m etry  i s  a s su m e d .
U s in g  H a m ilto n  t a b l e s  a g a i n ,  a  50% c o n f id e n c e  f o r  t h e  m o d e ls  i n  
T a b le  20 o v e r  t h o s e  i n  T a b le  16 r e s u l t s  f o r  c o o r d i n a t e s  fro m  (j. No 
s i g n i f i c a n t  im p ro v e m e n t i s  o b s e r v e d  f o r  R f a c t o r s  w i th  c o o r d i n a t e s  fro m  8 .
I t  a p p e a r s  t h a t  t h e  e r r o r s  d u e  t o  m e ch a n ism s  o t h e r  t h a n  d i p o l a r  
a r e  o v e rco m e  b y  t h e  e r r o r s  i n  b o th  t h e  g e o m e t r i c a l  s t r u c t u r e  an d  t h e  
m o d e l u s e d  f o r  L IS  c a l c u l a t i o n s .
C o l i n e a r i t y  o f  M a g n e tic  A x is  an d  L n -0  V e c to r
84As a l r e a d y  a t t e m p te d  b y  Hawkes e t  a l .  w i th  a  d i f f e r e n t  s e t  o f  
L IS  a n d  u s i n g  c o o r d i n a t e s  fro m  6_, an  a d ju s tm e n t  f o r  t h e  O -L n -m a g n e tic  
a x i s  w o u ld  i n d i c a t e  t h e  d e g r e e  o f  c o n f id e n c e  f o r  t h e  g e n e r a l l y  s u p p o s e d
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TABLE 20
L e a s t - s q u a r e  F i t  o f  L IS  i n  B o rn e o l  R e j e c t i n g  V a lu e s  f o r  .
L IS  from
B o m e o l  C o o r d in a t e s  D i r e c t  C o m p e t i t iv e
d e r i v e d  fro m  D e te r m in a t io n  S y s te m s
S t r u c t u r e  6
S t r u c t u r e  8
L n -0  = 2 .9 8  A L n -0 3 .0 8
4> 83 1 2 6 ° <t> = 1 38°
i|>  = 1 1 1 ° = 8 7 °
R = 1 . 6 8 % R =5 1 . 1 %
o
L n -0  = 3 .0 5  A L n -0 S 3 .1 0
<P = 1 2 7 ° <f> = 134®
if> - 1 1 7 ° = 1 0 6 °





c o l i n e a r i t y  b e tw e e n  t h e  m a g n e t ic  a x i s  a n d  t h e  L n -0  b o n d .
T a b le  21 su m m a riz e s  t h e  r e s u l t s  fro m  s u c h  c a l c u l a t i o n s  a n d ,
e v e n  i f  t h e  R f a c t o r s  s i g n i f i c a n t l y  d e c r e a s e  when c o m p a r in g  T a b le s  21
an d  1 6 ,  t h e  d i s t a n c e  o f  t h e  L n -0  b o n d  a l s o  s i g n i f i c a n t l y  i n c r e a s e s .
I n  t h e  c a s e  o f  £ ,  i t  i s  f a r  fro m  a n y  p h y s i c a l  m e a n in g  (e v e n  i f  t h e r e
a r e  n o  X - r a y  a n a l y s e s  r e p o r t e d  f o r  l a n t h a n i d e  c o m p le x e s  a n d  am a l c o h o l ,
a  d i s t a n c e  o f  -  3 A i s  g e n e r a l l y  o b s e r v e d  w i t h  o t h e r  s u b s t r a t e s 3 ) . T h is
o b s e r v a t i o n  i s  c o n t r a r y  t o  H a w k e s 's  r e s u l t s ,  w h e re  an  im p ro v e m e n t f o r
t h e  L n -0  b o n d  i s  o b s e r v e d  when a n a lo g o u s  a n a l y s e s  a r e  a t t e m p t e d .  As
h a s  a l r e a d y  b e e n  e m p h a s iz e d  i n  t h i s  s t u d y ,  a  d i f f e r e n t  d a t a  s e t  c a n
13p ro d u c e  c o n s i d e r a b l y  d i f f e r e n t  r e s u l t s ,  a n d  i n  H aw kes’ s  c a s e ,  C d a t a  
w e re  i n c l u d e d .  E r r o r s  may h a v e  b e e n  i n t r o d u c e d  b y  t h e  p r e s e n c e  o f  1 :1  
a n d  2 : 1  a d d u c t s .
I n  T a b le  2 1 , t h e  t h r e e  a n g l e s  r e l a t e d  t o  t h i s  t y p e  o f  a n a l y s i s  
a r e  r e p o r t e d .  I n  o r d e r  t o  a l t e r  t h e  c o l i n e a r i t y  o f  t h e  L n -0  v e c t o r  
a n d  t h e  m a g n e t ic  a x i s ,  r o t a t i o n s  t h r o u g h  t h e  x  a n d  y  sy m m etry  c o o r d i n a t e s  
o f  t h e  l a n t h a n i d e  i o n  a r e  n e c e s s a r y  ( s e e  A p p e n d ix  1 f o r  d e t a i l s  a n d  s i g n  
c o n v e n t i o n s ) . The m a g n i tu d e  o f  s u c h  r o t a t i o n s  a r e  l i s t e d  i n  T a b le  21 a s  
a n g l e s  B a n d  y r e s p e c t i v e l y ,  an d  t h e  r e s u l t i n g  L n -O -m a g n e tic  a x i s  a n g le  
i s  r e p r e s e n t e d  b y  £ .
A n a lo g o u s ly  t o  H a w k e s 's  c o n c l u s i o n s ,  i t  a p p e a r s  t h a t  o n ly  a
s m a l l  a n g l e  c o u ld  r e s u l t  f ro m  n o  c o l i n e a r i t y  c o n s i d e r a t i o n s .
33 34 35I f  t h i s  i s  d u e  t o  H u b er , B r ig g s  e t  a l .  a n d / o r  D y er e t  a l .
j u s t i f i c a t i o n  ( s e e  P s e u d o -C o n ta c t  o r  D i p o l a r  I n t e r a c t i o n ) , t h e n  t h e
a p p r o x im a t io n  t o  a x i a l  sy m m etry  w i l l  a l s o  b e  v a l i d .
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TABLE 21
Least-square Fit of LIS in Bomeol Assuming No-Colinearity of Principal
M a g n e tic  A x is  a n d  L n -0  V e c to r  .
B o rn e o l  C o o r d in a t e s  
d e r i v e d  fro m
L IS  fro m
D i r e c t
D e te r m in a t io n
C o m p e t i t iv e
S y s te m s
S t r u c t u r e  6
L n -0 0 3 .3 4  A L n -0 * 2 .6 2  A
♦ - 12 4 ° <J>s 13 1 °
tp 0 11 6 ° s 9 1 °
3 0 0 . 8 ° s se - 1 °
Y 0 1 to • to o Y = 3 .5 °
K = 2 ° e = 4 °
R 0 1.04% R 0.99%
S t r u c t u r e  8
- 0  = 3 .8  A L n -0 0 3 .4 2
<f> = 1 2 0 ® <P = 124°
IP = 123® = 116®
3 = 0 . 8 ® 3 = 1.5®
Y = 3.2® Y 0 - 1 . 3
5 = 5® e 0 2 ®
R = 1 . 8 8 % R 0 1 . 6 %
a ) £ r e p r e s e n t s  t h e  a n g le  O -L n -m a g n e tic  a x i s ,  f o r  3 a n d  y  
s e e  A p p e n d ix  1 .
>o
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T re a tm e n t  o f  M e th y l G roup
A f i n a l  c o n s i d e r a t i o n  r e g a r d i n g  m e th y l  g r o u p s  i s  b e l i e v e d  
a p p r o p r i a t e .
S in c e  a  f r e e  r o t a t i o n  a lo n g  t h e  C-C b o n d  i s  p r e s e n t  f o r  C-CH^ 
a t  room  t e m p e r a t u r e ,  m e th y l  g ro u p s  h a v e  b e e n  c o n s i d e r e d  a s  a  p o i n t  g ro u p  
a lo n g  t h e  C-C b o n d  a t  a  d i s t a n c e  t h a t  r e s u l t s  fro m  p r o j e c t i n g  e a c h  H 
on s u c h  a  v e c t o r .  T he r e a l  s i t u a t i o n ,  h o w e v e r ,  s h o u ld  b e  b e t t e r  
r e p r e s e n t e d  b y  a  w e ig h te d  a v e r a g e  o f  a l l  p o s s i b l e  c o n f o r m a t io n s .  As 
a  f i r s t  a p p r o x im a t io n ,  t h e  l o c a t i o n  o f  t h e  t h r e e  h y d ro g e n s  a t  a  s t a g g e r e d  
p o s i t i o n  i s  e x p e c t e d  t o  g iv e  an  i n d i c a t i o n  o f  t h e  e r r o r s  i n t r o d u c e d  when 
c o n s i d e r i n g  t h e  m e th y l  g ro u p s  a s  p o i n t  g r o u p s .
T a b le  22 su m m a riz e s  r e s u l t s  o b t a i n e d  when f i t t i n g  t h e  L IS  t o  
t h e  M cC o n n e ll e q u a t i o n ,  c o n s i d e r i n g  t h e  c o o r d i n a t e s  f o r  H i n  CH^ a s  
g iv e n  i n  T a b le s  12 a n d  14 ( l a s t  t h r e e  e n t r i e s ) .
B e f o r e  ju m p in g  t o  a n y  c o n c l u s i o n s ,  l e t  u s  a n a ly z e  how s e n s i t i v e  
t h e  t h r e e  m e th y l  g ro u p s  i n  b o r n e o l  a r e  t o  s u c h  c h a n g e s .  A s im p le  a p p ro a c h  
t o  s u c h  a n  a n a l y s i s  i s :
1) C h o o se  a  m o d e l f o r  g e o m e t r i c a l  a r r a n g e m e n ts  a n d  L IS ;
2) P e r f o rm  an  o p t i m i z a t i o n  o f  t h e  p a r a m e t e r s  c o n s i d e r i n g  
m e th y l  a s  p o i n t  g r o u p s ;
3) C a l c u l a t e  c h e m ic a l  s h i f t s  f o r  t h e  t h r e e  in d e p e n d e n t  H 's  
i n  e a c h  m e th y l  g ro u p ;
4) A v e ra g e  t h e  v a l u e s  fro m  s t e p  3 a n d  co m p are  th em  w i th  t h e  
r e s p e c t i v e  c a l c u l a t e d  s h i f t s  f o r  m e th y l  a s  a  p o i n t  g ro u p .
The r e s u l t s  o f  s u c h  o p e r a t i o n s  a r e  g iv e n  i n  T a b le  23  f o r  a x i a l  
sy m m etry  (M cC o n n e ll e q u a t i o n  f i t s ) ; c o o r d i n a t e s  a r e  fro m  £  a n d  L IS  fro m  
a  d i r e c t  d e t e r m i n a t i o n .  The d i f f e r e n c e  b e tw e e n  t h e  tw o  v a l u e s  i n  T a b le  23
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TABLE 22
L e a s t - s q u a r e  F i t  o f  L IS  i n  B o m e o l  C o n s id e r in g  S ta g g e r e d  M e th y l G ro u p s ,
B o m e o l  C o o r d in a t e s  
d e r i v e d  fro m
L IS  fro m
D i r e c t
D e te r m in a t io n
C o m p e t i t iv e
S y s te m s
S t r u c t u r e  6











L n -0  = 3 .0 6  A L n -0  = 3 .1 6
(f) a  1 2 8 °  <J> = 125°
S t r u c t u r e  8
i|i = 11 5 ° i|> = 117°
R = 3.3% R = 2.98%
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a r e  o f  a  m a g n i tu d e  c o m p a ra b le  t o  t h e  d i f f e r e n c e  b e tw e e n  t h e  o b s e r v e d  a n d  
t h e  c a l c u l a t e d  s h i f t s  a f t e r  c o n v e rg e n c e  i s  r e a c h e d  ( s e e  F ig u r e  26 i n  
A p p e n d ix  1 ) .
C o m p ariso n  o f  R e s u l t s  f o r  E ach  M e th y l G roup a s  a  P o i n t  G roup  a n d  a s  
T h re e  in d e p e n d e n t  H y d ro g e n s .
a s  a  p o i n t  g ro u p  (T a b le  16) a n d  s t a g g e r e d  m e th y l  (T a b le  2 2 ) ,  n o
a p p r e c i a b l e  d i f f e r e n c e  i s  o b s e r v e d  f o r  t h e  sam e m o d e l .  I t  a p p e a r s
i n  t h i s  c a s e ,  t h a t  m e th y l  g ro u p s  c o u ld  b e  t r e a t e d  a s  p o i n t  g r o u p s
w i t h o u t  i n t r o d u c i n g  a  s e r i o u s  d e v i a t i o n  fro m  t h e  r e a l  m o d e l.
M e th y l g r o u p s  h a v e  b e e n  t h e  s u b j e c t  o f  p r e v i o u s  s t u d i e s  an d
t h e  r e s u l t s  i n  t h e  p r e s e n t  w ork  p a r t i a l l y  s u p p o r t  t h e  p r e v io u s  c o n -
31e l u s i o n s .  C a u t io n  h a s  b e e n  s u g g e s t e d  , h o w e v e r , w hen t h e  m e th y l
g ro u p s  l i e  i n  a  r e g io n  c l o s e  t o  0  = 5 4 .7 ° ,  f o r  w h ic h  a  c h a n g e  i n  
93s i g n  i s  p r e d i c t e d  f o r  t h e  c h e m ic a l  s h i f t s  fro m  M cC o n n e ll e q u a t i o n  1 0 . 
The 0 ^  a n g l e s  f o r  m e th y ls  a s  p o i n t  g ro u p s  a r e  i n c l u d e d  i n  T a b le  23 f o r  
c o m p a r is o n  p u r p o s e s .
TABLE 2 3
G roup 0 . L i s  c a l c u l a t e d  fro m
P o i n t  a p p r S ta g g e r e d  Me
2 4 .1 3 ° 8 .2 3 2 7 .9 7 6
3 0 .2 9 ° 4 .3 0 3 4 .2 0 2
1 1 .1 9 ° 4 .1 5 3 3 .9 9 3
F u r th e r m o r e ,  c o n s i d e r i n g  t h e  c o n v e rg e d  p a r a m e te r s  f o r  m e th y l
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I n t r o d u c t i o n  t o  C o m p e t i t iv e  S y s te m s
The d e t e r m in a t i o n  o f  e q u i l i b r i u m  c o n s t a n t s  a n d  s t o i c h i o m e t r y  b y  
nm r t e c h n i q u e s  h a s  b e e n  r e v ie w e d  i n  t h e  I n t r o d u c t i o n .  From  p r e v io u s  
w o rk , t h e  f o l l o w i n g  g e n e r a l  c o n c lu s i o n s  ca n  b e  l i s t e d :
p r e c i s e  a n a l y s e s ,  t h e  p u r i f i c a t i o n  o f  t h e  s h i f t  r e a g e n t  j u s t  p r i o r  t o  
u s e  i s  re co m m en d ed );
t h e y  ca n  a c t  a s  " s c a v e n g e r s , "  t h u s  a l t e r i n g  t h e  e f f e c t i v e  c o n c e n t r a t i o n
o f  t h e  s h i f t  r e a g e n t ;
3) The d e t e r m i n a t i o n  o f  s t o i c h i o m e t r y  i s  n o t  a  d i r e c t  c o n s e q u e n c e
fro m  t h e  c h e m ic a l  s h i f t s  a n a l y s i s .  M o st a u t h o r s ,  who d e v o te d  t h e i r
a t t e n t i o n  t o  t h i s  s t u d y ,  w e re  aw are  o f  h ig h  a d d u c t  f o r m a t io n  ( 2 :1  t y p e
m a in ly )  o r  m i x tu r e s  o f  a d d u c t s .  H o w ev er, t h e  d e t e r m i n a t i o n  o f  t h i s
f a c t o r ,  b y  d i r e c t  a n a l y s i s  o f  t h e  c h e m ic a l  s h i f t s ,  i s  b a s e d  p r i n c i p a l l y
5 1 -5 2on b e t t e r  a g r e e m e n t  b e tw e e n  th e  c a l c u l a t e d  an d  t h e  o b s e r v e d  v a l u e s
A l t e r n a t i v e s  t o  s u c h  d e t e r m i n a t i o n s  cure d e s i r a b l e ,  a n d  a r e  th e
s u b j e c t  o f  t h e  l a s t  s tu d y  i n  t h i s  t h e s i s .
94W il l ia m s  i n  1972 p r e s e n t e d  an  e l e g a n t  s t a r t  t o  a  p o s s i b l e  s o l u ­
t i o n ,  b y  c o n s i d e r i n g  t h e  c o m p e t i t i o n  o f  s e v e r a l  in d e p e n d e n t  s u b s t r a t e s  
i n  c o n b in in g  w i t h  s h i f t  r e a g e n t s  p r e s e n t  i n  s o l u t i o n .  A ssum ing  o n ly  a  
1 :1  ty p e  o f  a d d u c t  t o  b e  fo rm e d , e q u a t i o n  38 w as d e r i v e d ,  w h e re  t h e  
s u b s c r i p t s  A a n d  B r e f e r  t o  t h e  r e f e r e n c e  a n d  t h e  c o m p e tin g  s u b s t r a t e
r e s p e c t i v e l y ;  K i s  t h e  e q u i l i b r i u m  c o n s t a n t ,  A t h e  c h e m ic a l  s h i f t  f o r  t h e  
1 :1  a d d u c ts  ( t a k i n g  t h e  f r e e  s h i f t  a s  r e f e r e n c e ) ,  A t h e  o b s e r v e d  c h e m ic a l
471) S h i f t  r e a g e n t s  o f  h ig h  p u r i t y  a r e  g e n e r a l l y  r e q u i r e d  ( f o r
562) I m p u r i t i e s  fro m  o t h e r  s o u r c e s  m u s t b e  e l i m i n a t e d  , s i n c e
A A f r e e
1 (38)
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s h i f t s  w i t h  r e s p e c t  t o  a  c h o s e n  r e f e r e n c e  ( g e n e r a l l y  TMS), a n d  6 f r e e  
t h e  c h e m ic a l  s h i f t  f o r  t h e  n o n -b o u n d  s u b s t r a t e  w i t h  r e s p e c t  t o  t h e  sam e 
r e f e r e n c e  a s  f o r  6 .
I t  f o l lo w s  t h a t  i f  t h e  b e h a v io r  o f  A i n  t h e  p r e s e n c e  o f  a  s h i f t  
r e a g e n t  i s  t o t a l l y  kno w n , t h e n  t h e  c o r r e s p o n d in g  e q u i l i b r i u m  f o r  B c a n  
b e  t o t a l l y  e s t a b l i s h e d  b y  s im p ly  a d d in g  B t o  a  s a m p le  o f  A a n d  t h e  s h i f t  
r e a g e n t  a n d / o r  v i c e  v e r s a . T he o b s e r v e d  s h i f t s  f o r  b o th  s u b s t r a t e s  a r e  
r e c o r d e d  a n d  a  p l o t  o f  1 /6  v s .  1 /6  s h o u ld  r e s u l t  i n  a  s t r a i g h t  l i n e ,  
w hose i n t e r c e p t  a n d  s l o p e  a r e  u s e d  i n  t h e  d e t e r m in a t i o n  o f  Kfi a n d  Ag.
I t  i s  o b v io u s  t h a t  t h e  u s e  o f  e q u a t i o n  38 g r e a t l y  s i m p l i f i e s  t h e  p ro b le m , 
s i n c e  t h e  c o n c e n t r a t i o n  o f  t h e  s h i f t  r e a g e n t  i s  i m m a te r i a l  ( a l s o  i t s  
p u r i t y ) , a n d  n o  p r e c u a t i o n s  a r e  n e c e s s a r y  i n  t h e  p u r i f i c a t i o n  o f  s o l v e n t s  
a n d  s u b s t r a t e s ,  n o t  e v e n  t h e i r  c o n c e n t r a t i o n s  a r e  r e l e v a n t .
W il l ia m s  a l s o  a t t e m p te d  t o  e x p e r i m e n t a l l y  d e m o n s t r a te  t h e  u s e  
o f  e q u a t i o n  3 8 , a n d  c h o s e  a  m ix tu r e  o f  s im p le  a l c o h o l s  a n d  e s t e r s  f o r  
s u c h  p u r p o s e s .  As w i l l  b e  show n l a t e r ,  h o w e v e r ,  t h i s  s y s te m  d o e s  n o t  
p r e s e n t  i d e a l  p r o p e r t i e s  f o r  s u c h  an  a n a l y s i s .
I n d e p e n d e n t l y ,  we a l s o  d e r i v e d  e q u a t i o n  38 ( s e e  A p p e n d ix  2 ) ,  b u t  
a p p l i e d  d i f f e r e n t  c r i t e r i a  i n  i t s  v ise . T he r e f e r e n c e  s u b s t r a t e  A m u s t 
p r e s e n t  t h e  f o l l o w in g  c h a r a c t e r i s t i c s :
1) T he pm r s i g n a l s  fro m  A s h o u ld  b e  s i n g l e t s ,  s i n c e  i t  f a c i l i t a t e s  
t h e i r  c h e m ic a l  s h i f t s  m e a s u re m e n ts  a n d  m in im iz e s  i n t e r f e r e n c e  w i t h  t h e  
s i g n a l s  fro m  s u b s t r a t e  B;
2) M ore t h a n  o n e  s i g n a l  i s  d e s i r a b l e  s i n c e  a p p l i c a t i o n  o f  e q u a t i o n  
38 c o u ld  b e  c h e c k e d  am ong a  l a r g e r  n u m b er o f  o b s e r v a t i o n s  fro m  t h e  sam e 
r e f e r e n c e ;
3) A m u st fo rm  o n ly  1 :1  t y p e  o f  a d d u c t s .
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D im e th o x y e th a n e  (DME, 9) d i s p l a y s  t h e  ab o v e  c h a r a c t e r i s t i c s  b a s e d  
CH 3-0 -C H 2 -CH2 -O-CH 3 
9
55on t h e  o b s e r v a t i o n  a t  a  low  t e m p e r a t u r e  pm r b y  G ro te n s  e t  a l .  w i t h  
a  s e r i e s  o f  s h i f t  r e a g e n t s .  S e p a r a t i o n  o f  t h e  f r e e  a n d  b o u n d  s h i f t s  
w as s u c c e s s f u l  a t  - 6 3 .4 ° C  a n d  c o r r e s p o n d e d  t o  1 :1  ty p e  o f  a d d u c ts  b a s e d  
on t h e  r e l a t i v e  i n t e n s i t y .  A d d i t i o n a l  e v id e n c e  t h a t  DME fo rm s  o n ly  1 :1
a d d u c ts  a t  room  t e m p e r a t u r e  a s  w e l l  w i l l  b e  p r e s e n t e d .
T h e o r e t i c a l  A n a ly s i s  I n c l u d i n g  2 : 1  Type o f  A d d u c t f o r  B
A f u r t h e r  c o n s i d e r a t i o n  m u s t b e  m ade r e g a r d i n g  t h e  p o s s i b l e  f o r ­
m a t io n  o f  a d d u c ts  o f  d i f f e r e n t  s t o i c h i o m e t r y  f o r  s u b s t r a t e  B . W h ile  A 
show s a  1 :1  a d d u c t  f o r m a t io n  b e h a v i o r ,  s u b s t r a t e  B i s  g e n e r a l l y  a  m ono- 
d e n t a t e  com pound , s o  i f  a  c o o r d i n a t i o n  n u m b er 8 i s  p r e f e r r e d  b y  t h e  s h i f t  
r e a g e n t ,  t h e n  2 : 1  t y p e  o f  a d d u c ts  c a n  o c c u r  w i th  B. The j u s t i f i c a t i o n  
f o r  c o o r d i n a t i o n  n u m b er 8 (a n d  n o t  h i g h e r )  w i l l  a l s o  b e  p r e s e n t e d  d u r in g  
t h i s  w o rk .
T h e o r e t i c a l  a n a l y s i s  f o r  e q u a t i o n  3 9 ,  w h e re  R s t a n d s  f o r  t h e  s h i f t
r e a g e n t ,  i s  p r e s e n t e d  i n  A p p e n d ix  4 .
ka
A + R A*R
S i
B + R B*R (39)
KB2
B + B*R B2 * R
S in c e  a  1 /6  v s .  1 /6  p l o t  i s  u s e d  f o r  a  1 :1  a d d u c t  a n a l y s i s ,  i t  i s  
c o n v e n ie n t  t o  c o n s t r u c t  s i m i l a r  p l o t s  f o r  t h e  c a s e  d e p i c t e d  b y  e q u a t i o n  39
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a s  w e l l .  F ig u r e s  9 t o  12 r e p r e s e n t  t h e o r e t i c a l  p l o t s  p r e d i c t e d  f o r  a  
few  v a l u e s  o f  K 's  a n d  A 's  c h o s e n  a r b i t r a r i l y .  F o r  c o m p a r a t iv e  p u r p o s e s ,  
a l l  r e l a t i v e  c o n c e n t r a t i o n s  o f  A, B , a n d  R a r e  i d e n t i c a l  i n  t h e  f o u r  
f i g u r e s .  T he f o l l o w i n g  o b s e r v a t i o n s  a r e  im p o r ta n t*
1) A c l e a r  d e v i a t i o n  fro m  l i n e a r i t y  i s  sh o w n . T h is  b y  i t s e l f
i s  a  u s e f u l  p r o b e  f o r  t h e  p r e s e n c e  o f  c o m p le x e s  o f  h i g h e r  s t o i c h i o m e t r y .
2) T h e re  i s  a  s t r o n g  d e p e n d e n c e  o n  c o n c e n t r a t i o n  f a c t o r s ,  a  
c l e a r  c u r v a t u r e  r e s u l t s  f ro m  a d d in g  t h e  s u b s t r a t e  B t o  an  o r i g i n a l  s o l u ­
t i o n  o f  A a n d  t h e  s h i f t  r e a g e n t ,  b u t  n o t  v i c e  v e r s a .
3) A c o m p a r is o n  o f  F ig u r e s  11 w i th  1 2 , a n d  9 w i t h  1 0 ,  c l e a r l y  
show s t h a t  t h e  e x t e n t  o f  c u r v a t u r e  i s  h i g h l y  d e p e n d e n t  on t h e  v a lu e  o f  
t h e  e q u i l i b r i u m  c o n s t a n t s .
To u n d e r s t a n d  t h e  c u r v a t u r e  m e n t io n e d  i n  t h e  s e c o n d  o b s e r v a t i o n ,  
a  p l o t  o f  t h e  c o n c e n t r a t i o n  o f  1 :1  v s . c o n c e n t r a t i o n  o f  2 :1  a d d u c ts  f o r  
B i s  r e p r e s e n t e d  i n  F ig u r e  1 3 . V a lu e s  a r e  o b t a i n e d  fro m  t h e  0 .2  M s o l u ­
t i o n s  w hose  c o m p le te  a n a l y s i s  i s  g iv e n  a s  an  e x a m p le  i n  A p p e n d ix  4 . 
C l e a r l y ,  w h i l e  a  q u a s i - l i n e a r  r e l a t i o n s h i p  i s  o b s e r v e d  w hen t h e  r e f e r e n c e  
A i s  a d d e d  t o  an  o r i g i n a l  s o l u t i o n  o f  t h e  s u b s t r a t e  B a n d  R , a  p ro n o u n c e d  
c u r v a t u r e  r e s u l t s  when t h e  mode o f  m ix in g  i s  i n v e r t e d .  T h i s  i s  a l s o  t h e  
c a s e  f o r  t h e  o t h e r  c o n c e n t r a t i o n s  a n d  a t  d i f f e r e n t  K 's .
D e s c r i p t i o n  o f  t h e  S y s te m  DM E-Eu(dpm)3
The pm r f o r  DME w e re  r e c o r d e d  a t  d i f f e r e n t  c o n c e n t r a t i o n s  o f  
E u (d p m )3 a n d  DME, u s i n g  CDC13 a s  t h e  s o l v e n t .  A p l o t  f o r  t h e  CH2 pm r 
s i g n a l s  v s .  s h i f t  r e a g e n t  an d  DME c o n c e n t r a t i o n s  i s  r e p r e s e n t e d  i n  
F ig u r e  1 4 .
I t  w o u ld  b e  a n t i c i p a t e d  t h a t  e x t r a p o l a t i o n  t o  E u (d p m )3 =0
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Figure 9 - Theoretical Analysis of ltl and 2:1 Adduct
Formation for B in Competition Experiments.
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Figure 10 - Theoretical Analysis of ltl and 2:1 Adduct
Formation for B in Competition Experiments.
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Figure 11 - Theoretical Analysis of 1:1 and 2:1 Adduct
Formation for B in Competition Experiments.
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Figure 12 - Theoretical Analysis of 1:1 and 2:1 Adduct
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Figure 13 - [B*r] v s. [Bj’R] from Theoretical Analysis.
Tabulated values in Figure 27 (Appendix 4)
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F ig u r e  14 -  C h e m ic a l S h i f t s  o f  CH  ^ i n  DME v s .  DME a n d  
E u(dpm )^  C o n c e n t r a t i o n s .
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s h o u ld  y i e l d  t h e  c h e m ic a l  s h i f t s  f o r  t h e  f r e e  s u b s t r a t e ,  w h ic h  i s  n o t  
t h e  c a s e  a s  c l e a r l y  show n i n  F ig u r e  1 4 . T he e x p e r i m e n t a l  v a l u e  f o r  th e  
f r e e  s h i f t  a g r e e s ,  h o w e v e r ,  w i t h  t h e  v a lu e  i n  t h e  y  c o o r d i n a t e  w h e re  
t h e  t h r e e  l i n e s  i n t e r c e p t .  T h is  b e h a v io r  h a s  b e e n  o b s e r v e d  i n  p r e v io u s
r e p o r t s ,  a n d  i t s  o r i g i n  h a s  n o t  b e e n  d e te r m in e d .  I t  h a s  b e e n  a t t r i b u t e d
95 47t o  t h e  p r e s e n c e  o f  ’’s c a v e n g e r s "  a n d  t o  " i n a c t i v e "  c o n c e n t r a t i o n  o f
t h e  s h i f t  r e a g e n t ,  a n d  t h e  g e n e r a l  a t t i t u d e  a d o p te d  h a s  b e e n  t o  s h i f t
t h e  x - a x i s  s c a l e  s u c h  t h a t  t h e  i n t e r c e p t  o f  t h e  t h r e e  l i n e s  c o r r e s p o n d s
t o  t h e  z e r o  i n  t h e  c o n c e n t r a t i o n  o f  t h e  s h i f t  r e a g e n t .
S in c e  n o t  m any a l t e r n a t i v e s  a r e  l e f t ,  t h e  s h i f t i n g  o f  t h e  x - a x i s  
p r o c e d u r e  w as a l s o  a d o p te d  i n  t h e  p r e s e n t  w o rk , a n d  a n a l y s i s  o f  t h e  
o b s e r v e d  pm r s i g n a l s  w as p e r f o r m e d  a s  d e s c r i b e d  i n  A p p e n d ix  5 .  T a b le s  
24  a n d  25 su m m arize  t h e  r e s u l t s  fro m  s u c h  a n a l y s i s .  The low  s t a n d a r d  
d e v i a t i o n s  i n  b o t h ,  t h e  c o n v e rg e d  p a r a m e t e r s  a n d  t h e  o b s e r v e d  c h e m ic a l  
s h i f t s ,  a f f o r d s  som e c o n f id e n c e .  H o w ev er, t h e  e x p e r i m e n t a l  v a l u e s  f o r  
t h e  c h e m ic a l  s h i f t s  i n  t h e  DME ( i n  t h e  a b s e n c e  o f  t h e  s h i f t  r e a g e n t )  
a r e  6 3 .5 6  (CH2 > , 3 .3 9  (CK^ ) . From  T a b le s  24 a n d  2 5 ,  w h e re  t h e  f r e e  
s h i f t s  w e re  a l s o  o p t i m i z e d ,  a  s m a l l  d i s c r e p a n c y  e x i s t s  b e tw e e n  t h e s e  
v a l u e s  a n d  t h e  e x p e r i m e n t a l  o n e s .
A n a ly s i s  o f  P o s s i b l e  I n t e r f e r i n g  E q u i l i b r i a
I t  i s  u s e f u l  t o  c o n s i d e r  t h e  f a c t o r s  t h a t  may a f f e c t  a  d i r e c t  
d e t e r m i n a t i o n  o f  K a n d  A.
R euben^  a n a ly z e d  som e e q u i l i b r i a  o t h e r  t h a n  a d d u c t  f o r m a t i o n ,  a n d  
t h e i r  e f f e c t  on  t h e  d e t e r m i n a t i o n  o f  e q u i l i b r i u m  c o n s t a n t s  a n d  s h i f t s ,  
when s u c h  v a l u e s  a r e  c a l c u l a t e d  b y  Lq  v s .  1 /6  p l o t s .  S in c e  a  d i f f e r e n t  
p r o c e d u r e  i s  u s e d  i n  t h e  p r e s e n t  c a s e ,  t h e o r e t i c a l  v a l u e s  ( r e p r e s e n t e d
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TABLE 24
C o m p u te r O u tp u t  f ro m  a  D i r e c t  D e te r m in a t io n  o f  E q u i l i b r iu m  C o n s ta n t  
a n d  A f o r  CH^ i n  DME [ S h i f t  R e a g e n t :  E u (d p m )3] .
CONCENTRATION OF * CALCULATED * OBSERVED * '
* CHEMICAL * CHEMICAL * SO-SC
SUBSTRATE LANTHANIDE 1 : 1  COMPLEX * SHIFT (SC)  * SHIFT (SO)  *
0 . 0 8 6 0 0 . 0 2 3 5 0 . 0 2 1 4 9 . 1 3 7 2 9 . 0 6 0 0 - 0 . 0 5 7 2
0 . 0 8 6 0 0 . 0  209 0 . 0 1 9 1 8 . 5 0 7 2 8 . 5 0 0 0 - 0 . 0 0 7 2
0 . 0 8  60 0 . 0 1 8 2 0 . 0 1 6 8 7 . 8 6 7 7 7 . 8 0 0 0 - 0 . 0 6 7 7
0 . 0 8 6 0 0 . 0 1 6 0 0 . 0 1 4 7 7 . 3 0 7 7 7 . 2 9 0 0 - 0 . 0 1 7  7
0 . 0 P 6 0  ■ 0 . 0 1 3 5 0 . 0 1 2 5 6 . 7 0 9 9 6 . 6 8 0 0 - 0 . 0 2 9 9
0 . 0 8 6 0 0 . 0 1 1 1 0 . 0 1 0 2 6 . 0 9 3 9 6 . 1 2 0 0 0 . 0 2 6 1
0 . 0 8 6 0 0 . 0 0 3  6 0 . 0 0 8 0 5 . 4 7 4 8 5 . 6 6 0 0 0 .  1852
0 . 0 5 6 0 0 . 0 0 6 1 0 . 0 0  57 4 . 8 5 2 9 5 . 0 1 0 0 0 . 1 5 7 1
0 . 0 8  60 0 . 0 0 3 6 0 . 0 0 3 4 4 . 2 2 8 2 4 . 4 2 0 0 0 .  1918
0 . 0 4 3 0 0 . 0 2 2 9 0 . 0 1 8  3 1 3 . 2 8 4 8 1 3 . 4 4 0 0 0 . 1 5 5 2
0 . 0 4  30 0 . 0 2 0 4 0 . 0 1 6 5 1 2 . 2 9 7 8 1 2 . 3 3 0 0 0 . 0 3 2 2
0 . 0 4 3 0 0 . 0 1 7 8 0 . 0 1 4 6 1 1 . 2 5 9 9 1 1 . 2 1 0 0 - 0 . 0 4 9 9
0 . 0 4 3 0 0 . 0 1 5 5 0 . 0 1 2 9 1 0 . 3 2 9 6 1 0 . 2 9 0 0 - 0 . 0 3 9 6
0 . 0 4 3 0 0 . 0 1 3 2 0 . 0 1 1 0  . 9 . 3 1 4 3 9 . 2 8 0 0 - 0 . 0 3 4 3
0 . 0 4  30 0 . 0 1 0 7 0 .0 1 ) 91 8 . 2 4 7 5 8 .  16 00 - 0 . 0 8 7 5
0 . 0 4 3 0 0 . 0 0 8 3 0 . 0 0 7 1 7 . 1 6 1 5 7 . 1 5 0 0 - 0 . 0 1 1 5
0 . 0 4 3 0 0 . 0 0 5 8 0 . 0 0 5 0 6 . 0 5 0 0 6 .  120 0 0 . 0 7 0 0
0 . 0 ^ -3 0 0 . 0 0 3 4 0 . 0 0 3 0 4 . 9 1 9 6 5 . 0 4 0 0 0 . 1 2 0 4
0 . 0 2 1 5 0 . 0 1 5 8 0 . 0 1 0 2 14 .421 -0 1 4 . 7 1 0 0  . 0 . 2 8 9 0
0 . 0 2 1 5 0 . 0 1 4 0 0 . 0 0 9  3 1 3 . 4 5 0 9 1 3 . 5 6 0 0 0 . 1 0 9 1
0 . 0 2 1 5 0 . 0 1 2 2 0 . 0 0 8 3 1 -2 .3 90 4 1 2 . 3 3 0 0 - 0 . 0 6 0 4
0 . 0 2 1 5 0 . 0 1 0 7 0 . 0 0 7 4 1 1 . 4 0 1 0 1 1 . 2 5 0 0 - 0 . 1 5 1 0
0 . 0 2 1 5 0 . 0 0 9 0 0 . 0 0 6 4 1 0 . 2 6 1 3 1 0 . 1 2 0 0 - 0 . 1 4 1 3
0 . 0 2 1 5 0 . 0 0 7 3 0 . 0 0 5 3 9 . 0 6 7 7 8 . 9 3 0 0 - 0 . 1 3 7 7
0 . 0 2 1 5 0 . 0 0 5 2 0 . 0 0 3 9 7 . 5 2 1 1 7 . 2 4 0 0 - 0 . 2 8 1 1
0 . 0 2 1 5 0 . 0 0 3 6 0 . 0 0 2 7 6 . 2 5 3 9 6 . 0 8 0 0 - 0 . 1 7 3 9
0 . 0 2 1 5 0 . 0 0 1 9 0 . 0 0 1 5 4 . 9 1 7 8 4 . 9 3 0 0 0 . 0 1 2 2
CHEMICAL SHIF T  OF EQUILIBRIUM
FREE
SUBSTRATE 1 : 1  COMPLEX * CONSTANT
3 . 3 1 1 9 2 3 . 3 9 0 0 1 6 2 . 4 4 3 8
STANDARD DEVIATIONS 0 . 04 -6 0  0 . 3 5 7 2  • 8 . 5 5 0 4
DERIVATIVES 0 . 0 0 0 6  0 . 0 0 0 2  0 . 0 0 0 0
STANDARD DEVIATION OF AN OBSERVATION OF UNIT WEIGHT 0 . 1 0 1 8
PERCENTAGE OF STANDARD DEVIATION 0 .  5 8 0 9
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TABLE 25
C o m p u te r O u tp u t  fro m  a  D i r e c t  D e te r m in a t io n  o f  E q u i l ib r iu m  C o n s ta n t  
a n d  A f o r  CH^ *n  DME [ S h i f t  R e a q e n t :  E u (d p m )^ ] .
CONCENTRATION I.1F CALCULATED * OBSERVED *
* CHEMICAL * CHEMICAL * SO-SC
SUBSTRATE LANTHANIDE 1 : 1 COMPLEX * SHIFT (SC)  * SHIFT (SO)  *
0 . 0 8 6 0 0 . 0 2 3 5 0 . 0 2 1 4 5 . 4 6 9 4 5 . 4 4 0 0 - 0 . 0 2 9 4
0 . 0 8 6 0 0 . 0 2 0 9 0 . 0 1 9 1 5 . 2 3 4 8 5 . 2 1 0 0 - 0 . 0 2 4 8
0 . 0 3 6 0 0 . 0 1 8 2 0 . 0 1 6 8 . 4 . 9 9 6 7 4 . 9 6 0 0 - 0 . 0 3 6 7
0 . 0 8 6 0 0 . 0 1 6 0 0 . 0 1 4 7 4 . 7 8 8 2 4 . 7 8 0 0 - 0 . 0 0 8 2
, 0 . 0 8 6 0 0 . 0 1 3 5 0 . 0 1 2 5 4 . 5 6 5 6 4 . 5 6 0 0 - 0 . 0 0 5 6
0 . 0 8 6 0 0 . 0 1 1 1 0 . 0 1 0 2 4 . 3 3 6 3 4 . 3 5 0 0 0 . 0 1 3 7
0 . 0 8  60 0 . 0 0 8 6 0 . 0 0 8 0 4 . 1 0 5 8 4 . 1 8 0 0 0 . 0 7 4 2
0 . 0 8 6 0 0 . 0 0 6 1 0 . 0 0  57 3 . 8 7 4 2 3 . 9 4 0 0 0 . 0 6 5 8
0 . 0 8 6 0 0 . 0 0 3 6 0 . 0 0 3 4 3 . 6 4 1 6 3 . 7 1 0 0 0 . 0 6 8 4
0 . 0 4 3 0 0 . 0 2 2 9 0 . 0 1 8  3 7 . 0 1 3 7 7 . 0 6 0 0 0 . 0 4 6 3
0 . 0 4 3 0 0 . 0 2 0 4 0 . 0 1 6 5 6 . 6 4 6  2 6 . 6 7 0 0 0 . 0 2 3 8
0 . 0 4 3 0 0 . 0 1 7 8 0 . 0 1 4 6 6 . 2 5 9 7 6 . 2 4 0 0 - 0 . 0 1 9 7
0 . 0 ^ 3 0 0 . 0 1 5 5 0 . 0 1 2 9 5 . 9 1 3 3 5 . 8 9 0 0 - 0 . 0 2 3 3
0 . 0 4 3 0 0 . 0 1 3 2 0 . 0 1 1 0 5 . 5 3 5 3 5 . 5 0 0 0 - 0 . 0 3 5 3
0 . 0 4 3 0 0 . 0 1 0 7 0 . 0 0 9 1 5 . 1 3 8 1 5 . 1 0 0 0 - 0 . 0 3 8 1
0 . 0 4 3 0 0 . 0 0 8 3 0 . 0 0 7 1 4 . 7 3 3 8 4 . 7 2 0 0 - 0 . 0 1 3  8
0 . 0 4 3 0 0 . 0 0 5 8 0 . 0 0 5 0 4 . 3 1 9 9 4 . 3 5 0 0 0 . 0 3 0 1
0 . 0 ^ 3 0 0 . 0 0 3 4 0 . 0 0  30 3 . 8 9 9 0  • • 3 . 9 6 0 0 0 . 0 6 1 0
0 . 0 2 1 5 0 . 0 1 5 8 0 . 0 1 0 2 7 .43 6 -7 7 . 5 6 0  0 . 0 . 1 2 3 3
0 . 0 2 1 5 0 . 0 1 4 0 0 . 0 0 9  3 7 . 0 7 5 5 7 . 1 4 0 0 0 . 0  64  5
0 . 0 2 1 5 0 . 0 1 2 2 0 . 0 0 8  3 6 . 6 8 0 7 6 . 6 6 0  0 - 0 . 0 2 0 7
0 . 0 2 1 5 0 . 0 1 0 7 0 . 0 0 7 4 6 . 3 1 2 3 6 . 2 7 0 0 - 0 . 0 4 2 3
0 . 0 2 1 5 0 . 0 0 9 0 0 . 0 0 6 4 5 . 8 8 7 9 5 . 8 2 0 0 - 0 . 0 6 7 9
0 . 0 2 1 5 0 . 0 0 7 3 0 . 0 0 5 3 5 . 4 4 3 5 5 . 3 8 0 0 - 0 . 0 6 3 5
0 . 0 2 1 5 0 . 0 0 5 2 0 . 0 0 3 9 4 . 8 6 7 6 4 . 7 6 0 0 - 0 . 1 0 7 6
0 . 0 2 1 5 0 . 0 0 3 6 0 . 0 0 2 7 4 . 3 9 5 8 4 . 3 4 0 0 - 0 . 0  55 8
0 . 0 2 1 5 0 . 0 0 1 9 0 . 0 0 1 5 3 . 8 9 8 4 3 . 9 2 0 0 0 . 0 2 1 6
CHEMICAL SHIFT  OF * EQUILIBRIUM •
FREE
SUBSTRATE 1 : 1  COMPLEX *  CONSTANT
STANDARD DEVIATIONS 
DERIVATIVES
3 . 3 0 0 4  
0 . 0 4 1 6  
0 . 0 0 0 2  '
8 . 7 0 0 9  
0 . 1 9 8 1  
0 . 0 0 0 1
1 6 2 . 4 4 3 8
8 .5^94
0.0000
STANDARD DEVIATION OF AM OBSERVATION OF UNIT WEIGHT 
PERCENTAGE OF STANDARD DEVIATION
0 . 1 0 1 8
0 . 5 8 0 9
EXECUTION TERMINATED. EXECUTION TIME 9 . 8 4 9  SECONDS.
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i n  F ig u r e  15 f o r  t h e  0 .0 2 5  M s o l u t i o n s  o f  a  s u b s t r a t e )  w e re  c a l c u l a t e d  
f o r  e a c h  o f  t h e  f o l l o w i n g  a s s u m p t io n s :
1) A 0.1%  o f  i m p u r i ty  i s  c o n s i d e r e d  i n  t h e  s h i f t  r e a g e n t .  
B e s id e s  c h a n g in g  t h e  a c t u a l  c o n c e n t r a t i o n  o f  t h i s  s p e c i e s ,  i t  w as 
a ssu m ed  t h a t  t h e  i m p u r i t y  c o u ld  a l s o  fo rm  1 :1  a d d u c ts  w i t h  a  h ig h  
e q u i l i b r i u m  c o n s t a n t  (K => 1000 M .
2 ) A n a lo g o u s  a s s u m p t io n s  f o r  i m p u r i ty  i n  t h e  s u b s t r a t e  (0 .1% ) 
w e re  c o n s i d e r e d .  T h e i r  i n f l u e n c e  w i l l  b e  t o  a l t e r  t h e  c a l c u l a t e d  co n ­
c e n t r a t i o n  o f  t h e  s u b s t r a t e  a n d  fo rm  1 :1  a d d u c ts  w i t h  K = 1000  M \  I n  
F ig u r e  1 5 , t h i s  c a s e  i s  v e r y  s i m i l a r  t o  t h e  f i r s t  o n e  a n d  i s  e l i m i n a t e d  
f o r  c l a r i t y .
3) T he s o l v e n t  (CDC13 ) c o u ld  a c t  a s  a  L ew is  b a s e ,  a n d  fo rm
a d d u c ts  w i th  t h e  s h i f t  r e a g e n t .  E ven  i f  t h e  e q u i l i b r i u m  c o n s t a n t  i s
- 1a ssu m ed  low  (K = 0 .5  M ) ,  t h e  h i g h  c o n c e n t r a t i o n  o f  t h e  s o l v e n t  
i n t r o d u c e s  a  d r a s t i c  c h a n g e  on  t h e  o b s e r v e d  s h i f t s .
4) E t h e r s  c a n  a l s o  fo rm  w eak  h y d ro g e n  b o n d in g  w i t h  C H C l^. I n  
d e u t e r a t e d  c h lo r o f o r m ,  t h i s  e f f e c t  w i l l  a l s o  b e  lo w , b u t  a g a in  t h e  
c o n c e n t r a t i o n  o f  t h e  s o l v e n t  w i l l  b e  h i g h .  A ssu m in g  t h a t  t h e  s u b s t r a t e  
b o u n d  t o  t h e  c h lo r o f o r m  i s  i n a c t i v e  to w a rd  t h e  s h i f t  r e a g e n t ,  e v e n  f o r  
a  v a lu e  o f  K *  0 .5  M ^ f o r  t h e  h y d ro g e n  b o n d in g  a s s o c i a t i o n ^ , t h e  
c a l c u l a t e d  s h i f t s  r e s u l t  i n  a  d r a s t i c  c h a n g e .  I n  F ig u r e  1 5 , t h i s
c a s e  i s  e l i m i n a t e d  f o r  c l a r i t y ,  s i n c e  i t  i s  s i m i l a r  t o  t h e  r e s u l t s  
f ro m  c a s e  3 .
5) I n  s e v e r a l  o c c a s i o n s ,  d i m e r i z a t i o n  o f  t h e  s h i f t  r e a g e n t  h a s  
b e e n  p o s t u l a t e d 4 8 '"*2 ,  w h ic h  i s  a ssu m ed  i n  t h e  p r e s e n t  a n a l y s i s  t o  o c c u r  
w i t h  an  e q u i l i b r i u m  c o n s t a n t  o f  40 M * a n d  fo rm  i n a c t i v e  s p e c i e s .
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CR3 X 10
F ig u r e  15 -  I n f l u e n c e  o f  I n t e r f e r i n g  E q u i l i b r i a  i n  t h e  
C h e m ic a l S h i f t  o f  A.
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t h i s  l a s t  c o n s i d e r a t i o n  w i l l  n o t  p r o b a b ly  a f f e c t  t h e  s y s te m  DME-R.
H o w ev er, a l c o h o l s  w e re  a l s o  u s e d  i n  l a t e r  s t u d i e s ,  a n d  t h e y  d o  d i s p l a y
79a  s t r o n g  te n d e n c y  f o r  s e l f - a s s o c i a t i o n  . T h is  c o n s i d e r a t i o n  i s  t h e r e ­
f o r e  i n c l u d e d ,  a n d  a  K *  40  M * i s  a s su m e d . T he a s s o c i a t e d  s p e c i e s  a r e  
c o n s i d e r e d  n o t  t o  b i n d  t o  t h e  s h i f t  r e a g e n t .
C a l c u l a t e d  v a l u e s  o f  t h e  c h e m ic a l  s h i f t s  b y  e a c h  o f  t h e  p r e v io u s  
c o n s i d e r a t i o n s  a t  d i f f e r e n t  s u b s t r a t e  a n d  s h i f t  r e a g e n t  c o n c e n t r a t i o n s  
w e re  u s e d  a s  d a t a  i n  t h e  c a l c u l a t i o n  o f  K a n d  A, b y  t h e  m e th o d  d e s c r i b e d  
i n  A p p e n d ix  5 ( d i r e c t  d e t e r m i n a t i o n ) . The r e s u l t s  a r e  su m m a riz e d  i n  
T a b le  26 fro m  w h ic h  o n e  i m p o r t a n t  o b s e r v a t i o n  c a n  b e  d ra w n : t h e  A v a l u e s
a r e  n o t  i n f l u e n c e d  t o  a  g r e a t  e x t e n d  i n  a n y  c a s e .
I t  i s  u n d e r s to o d  t h a t  n o n e  o f  t h e  ab o v e  c o n s i d e r a t i o n s  a r e  e x p e c t e d  
t o  b e  p r e s e n t  i n d e p e n d e n t ly  a n d  t h a t  t h e  a ssu m ed  i n a c t i v i t y  to w a r d  a d d u c t  
f o r m a t io n  o f  e a c h  c o n s i d e r e d  s p e c i e s  i s  o n ly  an  a p p r o x im a t io n  t o  t h e  r e a l  
s i t u a t i o n .  The a n a l y s i s  i s  d o n e  m e re ly  f o r  t h e  p u r p o s e  o f  b u i l d i n g  some 
k n o w led g e  a b o u t  t h e  d e v i a t i o n s w h i c h  may o c c u r  i n  t h e  d e t e r m in a t i o n  o f  K 
an d  A b y  t h e  p r e s e n t  m e th o d .
T he t h e o r e t i c a l  a n a l y s i s  f o r  t h e  e q u i l i b r i u m  c o n c e n t r a t i o n s  o f  
a d d u c ts  a n d  i n t e r f e r i n g  a d d u c t  f o r m a t io n  i s  n o t  p r e s e n t e d  s i n c e  i t  i s  
s i m i l a r  t o  t h e  a n a l y s i s  i n  A p p e n d ix  4 .
D e s c r i p t i o n  o f  t h e  S y s te m  DMB-Eu(dpm)^
B e fo r e  p r o c e e d i n g  t o  u s e  DME a s  a  r e f e r e n c e  s u b s t r a t e ,  t h e  
f o l l o w i n g  p o i n t s  n e e d  t o  b e  d e m o n s t r a te d :
1) DME fo rm s  o n ly  1 :1  a d d u c ts  a t  room  t e n p e r a t u r e ;
2) The K a n d  A's p r o p e r l y  d e s c r i b e  t h e  s y s te m .
To a c h ie v e  t h e s e  g o a l s ,  a  s e c o n d  b i d e n t a t e  l i g a n d  i s  c h o s e n .
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TABLE 26
T h e o r e t i c a l  C a l c u l a t i o n  f o r  I n t e r f e r i n g  E q u i l i b r i a .
T h e o r e t i c a l
0.1%  i m p u r i ty  i n  Ra  
K = 1000  M- 1
0.1%  i m p u r i ty  i n  Aa  
K = 1000  M- 1
CHCl^ fo rm s  c o m p le x e s  w i t h  
K »  0 .5  M_1
CHC1, fo rm s  c o m p le x e s  w i t h  Aa
3 - i
K = 0 .5  M
K ( i n  M’ 1 ) A
2 5 0 . 8 .0 0
2 5 4 . 7 .7 6
2 6 8 . 7 .8 8
4 2 .4  7 .9 8
4 1 .7  8 .0 2
R d im e r i z e s
K = 40  M"1 1 8 5 '  8 * °2
A d i m e r i z e s
K -  40 M-1 2 4 3 ‘ ? *2
a )  The e q u i l i b r i u m  c o n s t a n t  r e f e r s  t o  t h e  a d d u c t  f o r m a t io n  b e tw e e n  
t h e  s h i f t  r e a g e n t  a n d  t h e  i m p u r i t y .
b) [CHC13] - 10. M
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t h a t  i s  d im e th o x y b e n z e n e  (DMB, 1 0 ) ;  i f  t h e  p r e s e n c e  o f  tw o  c o o r d i n a t i o n
10
c e n t e r s  i n  e a c h  s u b s t r a t e  w o u ld  r e s t r i c t  t h e  a d d u c t  s t o i c h i o m e t r y  t o  a  
1 :1  t y p e ,  t h e n  e q u a t i o n  38 s h o u ld  b e  f o l lo w e d  b y  DME a n d  DMB a s  c o m p e tin g  
s u b s t r a t e s .  F u r th e r m o r e ,  fro m  s u c h  e x p e c t e d  s t r a i g h t  l i n e s ,  v a l u e s  f o r  
K a n d  A 's  f o r  DMB c o u ld  b e  p r e d i c t e d  a n d  an  in d e p e n d e n t  d e t e r m in a t i o n  
(b y  t h e  sam e p r o c e d u r e  u s e d  b y  DME) s h o u ld  r e s u l t  i n  an  a g re e m e n t  ( s e e  
DME a n d  DMB i n  C o m p e t i t io n  f o r  E u (d p m )^ ) .
A p r o c e d u r e  s i m i l a r  t o  t h e  one  d e s c r i b e d  i n  t h e  c a s e  o f  DME w as 
c a r r i e d  o u t  u s i n g  DMB a s  t h e  b i n d i n g  s u b s t r a t e ,  w i t h  s i m i l a r  t r e a t m e n t  
o f  d a t a .  F ig u r e  16 r e p r e s e n t s  c h e m ic a l  s h i f t s  f o r  t h e  o r t h o  p r o t o n s  
a s  a  f u n c t i o n  o f  t h e  s h i f t  r e a g e n t  a n d  DMB c o n c e n t r a t i o n s .  T a b le s  2 7 -2 9  
r e p o r t  r e s u l t s  a f t e r  a d j u s t i n g  t h e  v a l u e s  on  t h e  x - a x i s  a s  d e s c r i b e d  
p r e v i o u s l y .
A g a in ,  t h e  e x p e r i m e n t a l  s h i f t s  i n  DMB ( i n  t h e  a b s e n c e  o f  s h i f t  
r e a g e n t )  a n d  t h e  o n e s  o b t a i n e d  fro m  t h e  a n a l y s i s  o f  t h e  a d d u c ts  r e s u l t  
i n  som e d i f f e r e n c e  [pm r: 6 6 .9 2  ( a r o m a t i c ) ,  3 .8 7  (C H ^)] .
DME a n d  DMB i n  C o m p e t i t io n  f o r  E u(dpm )^
U n d e r t h e  c o n d i t i o n s  s p e c i f i e d  i n  t h e  E x p e r im e n ta l  s e c t i o n ,  DME 
a n d  DMB w e re  a l lo w e d  t o  co m p e te  f o r  E u (d p m )^ . R e s u l t s  a r e  p r e s e n t e d  i n  
T a b le  3 0 , a n d  a  g r a p h i c a l  r e p r e s e n t a t i o n  f o r  1 /6  v s .  1 /6  f o r  t h e  s y s te m  
CH^ i n  DME v s .  DMB i s  g iv e n  i n  F ig u r e  1 7 .
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C o m p u te r O u tp u t  fro m  a  D i r e c t  D e te r m in a t io n  o f  E q u i l i b r iu m  C o n s ta n t  
a n d  A f o r  m e ta  P r o to n  i n  DMB [ S h i f t  R e a g e n t :  E u (d p m )3) .
CONCENTRATION OF * CALCULATED * OBSERVED *
*  CHEMICAL * CHEMICAL * SO-SC
SUBSTRATE LANTHANIDE 1 : 1  COMPLEX * SHIFT  (SC)  * SHIFT (SO)  *
0 . 0 2 7 8 0 . 0 0 5 6 0 . 0 0 4 1 7 . 6 4 9 2 7 . 6 1 7 9 - 0 . 0 3 1 3
0 . 0 2 7 8 0 . 0 0 9 0 0 . 0 0 6 3 8 . 1 5 0 0 8 . 0 8 5 3 - 0 . 0 6 4 7
0 . 0 2 7 8 0 . 0 1 2 3 0 . 0 0 8 4 8 . 6 1 5 1 8 . 4 9 3 0 - 0 . 1 2 2 1
0 . 0 2 7 8 0 . 0 1 5 7 0 . 0 1 0 3 9 . 0 4 4 7 8 . 9 4 0 6 - 0 . 1 0 4 1
0 . 0 2 7 8 0 . 0 1 9 0 0 . 0 1 2 1 9 . 4 3 4 3 9 . 3 6 8 2 - 0 . 0 6 6 1
0 . 0 2 7 8 0 . 0 2 2 2 0 . 0 1 3 6 9 . 7 7 7 8 9 . 7 2 6 2 - 0 . 0 5 1 6
0 . 0 2 7 8 0 . 0 2 5 3 0 . 0 1 4 9 1 0 . 0 6 6 7 1 0 . 1 0 4 1 0 . 0 3 7 4
0 . 0 2 7 8 0 . 0 2 8 8 ' 0 . 0 1 6 2 1 0 . 3 6 2 2 1 0 . 4 6 2 1 0 . 0 9 9 9
0 . 0 2 7 8 0 . 0 3 2 3 0 . 0 1 7 4 1 0 . 6 1 5 4 1 0 . 7 8 0 4 0 . 1 6 5 0
0 . 0 5 5 6 0 . 0 0 6 1 0 . 0 0 5 2 7 . 3 0 9 0 7 . 3 7 9 2 0 . 0 7 0 2
0 . 0 5 5 6 0 . 0 0 9 5 0 . 0 0 8 0 7 . 6 2 9 1 7 . 6 5 7 6 0 . 0 2 8 6
0 . 0 5 5 6  , 0 . 0 1 2 9 0 . 0 1 0 8 7 . 9 3 7 0 7 . 9 3 6 1 - 0 . 0 0 0 9
0 . 0 5 5 6 0 . 0 1 7 0 0 . 0 1 4 0 8 . 2 9 6  6 8 . 2 7 4 2 - 0 . 0 2 2 4
0 . 0 5 5 6 0 . 0 2 0 6 0 . 0 1 6 7 8 . 6 0 4 0 8 . 5 8 2 5 - 0 . 0 2 1 5
0 . 0 5 5 6 0 . 0 2 4 1 0 . 0 1 9 3 8 . 8 9 4 5 8 . 8 6 1 0 - 0 . 0 3 3 5
0 . 0 5 5 6 0 . 0 2 7 4 0 . 0 2 1 7 9 . 1 5 7 5 9 . 1 3 9 5 - 0 . 0 1 8 0
0 . 0 5 5 6 0 . 0 3 1 3 0 . 0 2 4 3 9 . 4 4 7 8 ’ 9 . 4 3 7 8 - 0 . 0 1 0 0
0 . 0 5 5 6 0 . 0 3 5 0 0 . 0 2 6 7 9 . 7 1 9 1 9 . 7 2 6 2  • 0 . 0 0 7 1
0 . 1 1 1 1 0 . 0 0 7 2 0 . 0 0 6 7 7 . 1 0 6 2 7 . 2 0 0 2 0 . 0 9 3 9
0 . 1 1 1 1 0 . 0 1 1 4 0 . 0 1 0 4 7 . 3 1 7 0 ' 7 . 3 9 9 1 0 . 0 8 2 0
0 . 1 1 1 1 0 . 0 1 5 5 0 . 0 1 4 2 7 . 5 2 6 4 7 . 5 5 8 2 0 . 0 3 1 8
0 . 1 1 1 1 0 . 0 1 9 6 0 . 0 1 7 9 7 . 7 3 4 8 7 . 7 7 7 0 0 . 0 4 2 2
0 . 1 1 1 1 0 . 0 2 3 8 0 . 0 2 1 6 7 . 9 4 0 9 7 . 9 5 6 0 0 . 0 1 5 1
0 . 1 1 1 1 0 . 0 2 7 8 0 . 0 2 5 2 8 . 1 4 0 3 8 . 1 3 5 0 - 0 . 0 0 5 3
0 . 1 1 1 1 0 . 0 3 1 6 0 . 0 2 8 5 8 . 3 2 6 5 8 . 3 0 4 1 - 0 . 0 2 2 4
0 . 1 1 1 1 0 . 0 3 6 0 0 . 0 3 2 3 8 . 5 3 8 7 8 . 5 1 2 9 - 0 . 0 2 5 8
0 . 1 1 1 1 0 . 0 4 0 3 0 . 0 3 6 0 8 . 7 4 5 3 8 . 6 7 2 0 - 0 . 0 7 3 3
CHEMICAL SHIFT  OF * EQUILIBRIUM
FREE *
SUBSTRATE 1 : 1  COMPLEX * CONSTANT
6 . 7 3 3 2 6 . 2 0 9 8 1 1 1 . 4 7 3 6
STANDARD DEVIATIONS 0 . 0 4 5 1 0 . 1 7 8 0 7 . 4 1 2 8
DERIVATIVES 0 . 0 0 0 4 0 . 0 0 0 1 0 . 0 0 0 0
STANDARD DEVIATION OF AN OBSERVATION OF UNIT WEIGHT 0 . 1 0 3 6
PERCENTAGE OF STANDARD DEVIATION 0 . 4 1 1 0
95
TABLE 28
Computer Output from a Direct Determination of Equilibrium Constant
and A for ortho Proton in DMB [shift Reagent: Eu(dpm)^].
CONCENTRATION OF











0 . 0 2 7 8 0 . 0 0 5 6 0 . 0 0 4 1 8 . 3 6 5 2 8 . 2 7 4 2 - 0 . 0 9 1 0
0 . 0 2 7 8 0 . 0 0 9 0 0 . 0 0 6 3 9 . 3 7 1 5 9 . 2 3 8 9 - 0 . 1 3 2 6
0 . 0 2 7 8 0 . 0 1 2 3 0 . 0 0 8 4 1 0 . 3 0 6 1 1 0 . 0 6 4 3 - 0 . 2 4 1 8
0 . 0 2 7 8 0 . 0 1 5 7 0 . 0 1 0 3 1 1 . 1 6 9 2 1 0 . 9 4 9 4 - 0 . 2 1 9 8
0 . 0 2 7 8 0 . 0 1 9 0 0 . 0 1 2 1 1 1 . 9 5 2 1 1 1 . 8 1 4 7 - 0 . 1 3 7 4
0 . 0 2 7 8 0 . 0 2 2 2 0 . 0 1 3 6 1 2 . 6 4 2 3 1 2 . 6 1 0 3 - 0 . 0 3 2 1
0 . 0 2 7 8 0 . 0 2 5 3 0 . 0 1 4 9 1 3 . 2 2 2 8 1 3 . 3 1 6 4 0 . 0 9 3 6
0 . 0 2 7 8 0 . 0 2 8 8 0 . 0 1 6 2 1 3 . 8 1 6 6 1 4 . 0 0 2 6 0 . 1 8 6 0
0 . 0 2 7 8 0 . 0 3 2 3 0 . 0 1 7 4 1 4 . 3 2 5 2 1 4 . 5 9 9 3 0 . 2 7 4 1
0 . 0 5 5 6 0 . 0 0 6 1 0 . 0 0 5 2 7 . 6 8 1 8 7 . 7 9 6 9 0 . 1 1 5 1
0 . 0 5 5 6 0 . 0 0 9 5 0 . 0 0 8 0 8 . 3 2 4 9 8 . 3 7 3 7 0 . 0 4 8 8
0 . 0 5 5 6 0 . 0 1 2 9 0 . 0 1 0 8 8 . 9 4 3 6 8 . 9 2 0 7 - 0 . 0 2 2 9
0 . 0 5 5 6 0 . 0 1 7 0 0 . 0 1 4 0 9 . 6 6 6 2 9 . 6 1 6 8 - 0 . 0 4 9 4
0 . 0 5 5 6 0 . 0 2 0 6 0 . 0 1 6 7 1 0 . 2 8 3 8 1 0 . 2  732 - 0 . 0 1 0 6
0 . 0 5 5 6 0 . 0 2 4 1 0 . 0 1 9 3 1 0 . 8 6 7 4 1 0 . 7 9 0 3 - 0 . 0 7 7 1
0 . 0 5 5 6 0 . 0 2 7 4 0 . 0 2 1 7 1 1 . 3 9 5 9 1 1 . 3 2 7 4 - 0 . 0 6 8 5
0 . 0 5 5 6 0 . 0 3 1 3 0 . 0 2 4 3 1 1 . 9 7 9 2 1 1 . 9 4 3 9 - 0 . 0 3 5 2
0 . 0 5 5 6 0 . 0 3 5 0 0 . 0 2 6 7 1 2 . 5 2 4 4 1 2 . 5 6 0 5 0 . 0 3 6 1
0 . 1 1 1 1 0 . 0 0 7 2 0 . 0 0 6 7 7 . 2 7 4 4 7 . 4 9 8 5 0 . 2 2 4 2
0 . 1 1 1 1 0 . 0 1 1 4 0 . 0 1 0 4 7 . 6 9 7 9 7 . 8 4 6 6 0 . 1 4 8 7
0 . 1 1 1 1 0 . 0 1 5 5 0 . 0 1 4 2 8 . 1 1 8 6 8 . 1 9 4 7 0 . 0 7 6 0
0 . 1 1 1 1 0 . 0 1 9 6 0 . 0 1 7 9 8 . 5 3 7 3 8 . 6 1 2 4 0 . 0 7 5 1
0 . 1 1 1 1 0 . 0 2 3 8 0 . 0 2 1 6 8 . 9 5 1 5 8 . 9 9 0 3 0 . 0 3 8 8
0 . 1 1 1 1 0 . 0 2 7 8 0 . 0 2 5 2 9 . 3 5 2 0 9 . 3 4 8 3 - 0 . 0 0 3 7
0 . 1 1 1 1 0 . 0 3 1 6 0 . 0 2 8 5  ' 9 . 7 2 6 2 9 . 6 6 6 5 - 0 . 0 5 9 6
0 . 1 1 1 1 0 . 0 3 6 0 0 . 0 3 2 3 1 0 ’.  1 52 6 1 0 . 1 2 4 0 - 0 . 0 2 8 6
0 . 1 1 1 1 0 . 0 4 0 3 0 . 0 3 6 0 1 0 . 5 6 7 8 1 0 . 4 6 2 1 • - 0 . 1 0 5 6
CHEMICAL SH IFT  OF * EQUILIBRIUM •
FREE *
SUBSTRATE 1 : 1  COMPLEX * CONSTANT
6 . 5 2 4 8 1 2 . 4 7 7 2 1 1 1 . 4 7 3 6
(RD DEVIATIONS 0 . 0 4 9 2 0 . 2 7 7 6 7 . 4 1 2 8
(TIVES 0 . 0 0 0 6 0 . 0 0 0 2 0 . 0 0 0 0
STANDARD DEVIATION OF AN OBSERVATION OF UNIT WEIGHT 0 . 1 0 3 6
PERCENTAGE OF STANDARD DEVIATION 0 . 4 1 1 0
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TABLE 29
Computer Output from a Direct Determination of Equilibrium Constant
and A for Methyl in DMB [Shift Reagent: Eu(dpm)^].
CONCENTRATION OF «».r CALCULATED * OBSERVED *
* CHEMICAL * CHEMICAL * SO-SC
SUBSTRATE LANTHANIDE 1 : 1  COMPLEX * SHIFT (SC) SHIFT (SO )  *
0 . 0 2 7 8 0 . 0 0 5 6 0 . 0 0 4 1 4 . 9 7 4 2 4 . 9 1 2 8 - 0 . 0 6 1 4
0 . 0 2 7 8 0 . 0 0 9 0 0 . 0 0 6 3 5 . 7 3 1 7 5 . 6 1 8 9 - 0 . 1 1 2 8
0 . 0 2 7 8 0 . 0 1 2 3 0 . 0 0 8 4 6 . 4 3 5 3 6 . 2 2 5 6 - 0 . 2 0 9 7
0 . 0 2 7 8 0 . 0 1 5 7 0 . 0 1 0 3 7 . 0 8 5 0 6 . 9 0 1 8 - 0 . 1 8 3 2
0 . 0 2 7 8 0 . 0 1 9 0 0 . 0 1 2 1 7 . 6 7 4 4 7 . 5 6 8 1 - 0 . 1 0 6 2
0 . 0 2 7 8 0 . 0 2 2 2 0 . 0 1 3 6 8 . 1 9 4 0 8 . 1 4 5 0 - 0 . 0 4 9 0
0 . 0 2 7 8 0 . 0 2 5 3 0 . 0 1 4 9 8 . 6 3 0 9 8 . 6 8 2 0 0 . 0 5 1 0
0 . 0 2 7 8 0 . 0 2 8 8 0 . 0 1 6 2 9 . 0 7 8 0 9 . 2 2 9 0 0 . 1 5 1 0
0 . 0 2 7 8 0 . 0 3 2 3 0 . 0 1 7 4 9 . 4 6 0 8 9 . 7 0 6 3 0 . 2 4 5 5
0 . 0 5 5 6 0 . 0 0 6 1 . 0 . 0 0 5 2 4 . 4 5 9 7 4 . 5 6 4 8 0 . 1 0 5 1
0 . 0 5 5 6 0 . 0 0 9 5 0 . 0 0 8 0 4 . 9 4 3 8 4 . 9 8 2 4 0 . 0 3 8 6
0 . 0 5 5 6 0 . 0 1 2 9 0 . 0 1 0 8 5 . 4 0 9 5 5 . 3 9 0 2 - 0 . 0 1 9 4
0 . 0 5 5 6 0 . 0 1 7 0 0 . 0 1 4 0 5 . 9 5 3 6 5 . 9 1 7 3 - 0 . 0 3 6 3
0 . 0 5 5 6 0 . 0 2 0 6 0 . 0 1 6 7 6 . 4 1 8 5 6 . 3 7 4 7 - 0 . 0 4 3 8
0 . 0 5 5 6 0 . 0 2 4 1 0 . 0 1 9 3 6 . 8 5 7 8 6 . 8 0 2 4 - 0 . 0 5 5 4
0 . 0 5 5 6 0 . 0 2 7 4 0 . 0 2 1 7 7 . 2 5 5 7 7 . 2 1 0 1 - 0 . 0 4 5 5
0 . 0 5 5 6 0 . 0 3 1 3 0 . 0 2 4 3 7 . 6 9 4 8 7 . 6 8 7 5 - 0 . 0 0 7 3
0 . 0 5 5 6 0 . 0 3 5 0 0 . 0 2 6 7 8 . 1 0 5 2 8 . 1 4 5 0  ' 0 . 0 3 9 7
0 . 1 1 1 1 0 . 0 0 7 2 0 . 0 0 6 7 4 . 1 5 3 0 4 . 3 3 6 0 0 . 1 8 3 0
0 . 1 1 1 1 0 . 0 1 1 4 0 . 0 1 0 4 • 4 . 4 7 1 8 4 . 5 8 4 6 0 . 1 1 2 8
0 . 1 1 1 1 0 . 0 1 5 5 0 . 0 1 4 2 4 . 7 8 8 5 4 . 8 5 3 2 0 . 0 6 4 6
0 . 1 1 1 1 0 . 0 1 9 6 0 . 0 1 7 9 5 . 1 0 3 7 5 . 1 6 1 5 0 . 0 5 7 8
0 . 1 1 1 1 0 . 0 2 3 8 0 . 0 2 1 6 5 . 4 1 5 5 5 . 4 4 9 9 0 . 0 3 4 4
0 . 1 1 1 1 0 . 0 2 7 8 0 . 0 2 5 2 5 . 7 1 7 0 ' 5 . 7 1 8 4 0 . 0 0 1 3
0 . 1 1 1 1 0 . 0 3 1 6 0 . 0 2 8 5 5 . 9 9 8 7 5 . 9 6 7 0 - 0 . 0 3 1 7
0 . 1 1 1 1 0 . 0 3 6 0 0 . 0 3 2 3 6 . 3 1 9 7 6 . 2 7 5 3 - 0 . 0 4 4 4
0 . 1 1 1 1 0 . 0 4 0 3 0 . 0 3 6 0 6 . 6 3 2 2 6 . 5 5 3 8 - 0 . 0 7 8 5
CHEMICAL SHIFT OF * EQUILIBRIUM .
FREE *
SUBSTRATE 1 : 1  COMPLEX CONSTANT
3 . 5 8 8 7 9 . 3 9 2 8 1 1 1 . 4 7 3 6
STANDARD DEVIATIONS 0 . 0 4 6 9 0 . 2 2 5 7 7 . 4 1 2 8
DERIVATIVES 0 . 0 0 0 5 0 . 0 0 0 2 0 . 0 0 0 0
STANDARD DEVIATION OF AN OBSERVATION OF UNIT WEIGHT 0 . 1 0 3 6
PERCENTAGE OF STANDARD DEVIATION 0 . 4 1 1 0
EXECUTION TERMINATED. EXECUTION TIME 1 1 . 5 9 9  SECONDS.
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TABLE 30
DME w d  DMB i n  C o m p e t i t io n  f o r  E u (d p m )* .
<5 i n  DME ( i n  ppm) 6 i n DMB ( i n  ppm)
M ix in g  P r o c e d u r e CH2 CH3 o m
1 2 .1 5 6 .5 4 6 .4 5 1 0 .3 2 8 .5 9
1 3 .0 9 6 .8 8 6 .7 6 1 0 .7 1 8 .8 0
0 .1 5  M DME a d d e d 1 4 .2 4 7 .2 7 7 .1 6 1 1 .2 6 9 .0 7
t o  0 .1 5  M DMB 1 5 .5 7 7 .7 7 7 .6 3 1 1 .8 7 9 .3 7
1 6 .8 8 8 .2 4 8 .1 2 1 2 .5 3 9 .6 8
1 7 .9 5 8 .6 3 8 .5 2 1 3 .0 8 9 .9 5
1 9 .0 6 9 .0 3 8 .9 4 1 3 .6 4 1 0 .2 3
1 0 .7 9 6 .0 3 5 .9 8 9 .6 4 8 .2 7
1 1 .7 3 6 .3 9 6 .3 0 1 0 .0 6 8 .4 8
1 2 .1 9 6 .5 5 6 .4 0 1 0 .2 5 8 .5 7
1 2 .9 4 6 .8 2 6 .6 4 1 0 .6 0 8 .7 2
1 3 .6 4 7 .0 7 6 .9 0 1 0 .9 1 8 .8 9
0 .1 5  M DMB a d d e d 1 4 .2 0 7 .2 8 7 .0 8 1 1 .1 7 9 .0 1
t o  0 .1 5  M DME 1 4 .8 6 7 .5 2 7 .3 2 1 1 .5 0 9 .1 6
1 5 .6 3 7 .8 0 7 .6 0 1 1 .8 4 9 .3 4
1 6 .5 0 8 .1 2 7 .9 3 1 2 .2 8 9 .5 6
1 7 .5 0 8 .4 8 8 .3 2 1 2 .8 0 9 .8 0
1 8 .6 0 8 .8 8 8 .7 6 1 3 .3 6 1 0 .1 0
f r e e  s h i f t : 3 .5 5 3 .3 9 3 .8 7 6 .9 2 6 .9 2




















DNE RDDED TO 0.2  N DNB (P -  0.8) 
DNB RDDED TO O.S N DNE (P -  O.BJ
. 6.5.2 a
1/(B -  5 FREE^
F ig u r e  17 -  1 /6  . (DME) v s .  1/6  (DMB) i n  t h e  P r e s e n c e  o f  E u (d p m )3 .
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T a b le  31 r e s u l t  w i t h  a  v a l u e  o f  K i n  a  g o o d  a g re e m e n t  w i t h  t h e  v a lu e  
o b t a i n e d  fro m  a  d i r e c t  d e t e r m i n a t i o n  ( T a b le s  2 7 - 2 9 ) .
I n t e r p r e t a t i o n  o f  t h e s e  r e s u l t s  l e a d s  t o  t h e  c o n c lu s io n  t h a t ,  
w i th  E u (d p m )3 a s  t h e  s h i f t  r e a g e n t ,  DME a n d  DMB fo rm  o n ly  1 :1  ty p e  o f  
a d d u c t  a n d  t h e  p r e c a u t i o n s  t a k e n  t o  a v o id  c o n ta m in a t io n  i n  d e t e r m in in g  
e q u i l i b r i u m  c o n s t a n t s  f ro m  a  d i r e c t  a n a l y s i s ,  w e re  e f f e c t i v e .
No t h e o r e t i c a l  t r e a t m e n t  w as d o n e  t o  i n t r o d u c e  t h e  e f f e c t  o f  
e q u i l i b r i a  o t h e r  t h a n  s u b s t r a t e - s h i f t  r e a g e n t  a d d u c t  f o r m a t io n  i n  t h e  
c o m p e tin g  s y s te m  m e th o d . By r e a n a l y z i n g  T a b le  2 6 ,  h o w e v e r , o n ly  t h e  
p r e s e n c e  o f  c o m p le x e s  b e tw e e n  CHCl^ w i t h  A ( o r  B) a n d  t h e  d i m e r i z a t i o n  
o f  A ( o r  B) c o u ld  b e  p o s s i b l e  i n t e r f e r i n g  m e c h a n ism s . T he o t h e r  w o u ld  
n o t  a l t e r  t h e  r a t i o  [a ] / [ a *R] ( o r  e q u i v a l e n t  e x p r e s s i o n  f o r  B) a n d  s o  
s h o u ld  n o t  a f f e c t  i n  t h e  a p p l i c a t i o n  o f  e q u a t i o n  3 8 .
I t  i s  r e a l i z e d  t h a t  t h e  a g r e e m e n t  i n  t h e  e q u i l i b r i u m  c o n s t a n t  
f o r  DM B-Eu(dpm)3 b y  t h e  tw o m e th o d s  i s  n o t  a  p r o o f  f o r  t h e  a c c u r a c y  o f  
K f o r  D M E - E u ( d p m ) I f  CHC13 b i n d s  t o  t h e  s h i f t  r e a g e n t  (w h ich  p r o d u c e s  
a  s t r o n g  e f f e c t  f ro m  T a b le  2 6 ) ,  t h e  r a t i o  o f  K 's  fro m  c o m p e t i t i v e  
e x p e r im e n ts  w i l l  s t i l l  a g r e e  w i t h  t h e  v a l u e s  o f  a  d i r e c t  d e t e r m in a t i o n  
s i n c e  i n  t h i s  l a s t  c a s e ,  t h e  K 's  w i l l  b e  a f f e c t e d  i n  t h e  sam e e x t e n s i o n .
D e s c r i p t i o n  o f  t h e  S y s te m  D M E -E u(fod )3
E u ( f o d ) 3 h a s  b e e n  f r e q u e n t l y  u s e d  a s  a  s h i f t  r e a g e n t .  I t s  s o l u ­
b i l i t y  i n  o r g a n i c  s o l v e n t s  i s  m uch h i g h e r  th a n  E u (d p m )3 , w h ic h  t h e r e f o r e  
a v o id s  t e d i o u s  a n d  c a r e f u l  p r o c e d u r e s  t o  a c h ie v e  a  ho m o g en eo u s s o l u t i o n .
O b s e r v a t io n s  o v e r  t h e  w id e r  r a n g e  o f  c o n c e n t r a t i o n s ,  w h ic h  t h i s  r e a g e n t
7 51m akes p o s s i b l e ,  h a s  p r o v i d e d  e v id e n c e s  f o r  h i g h e r  a d d u c t  f o r m a t io n  ' .
A g a in ,  m o t iv a t e d  b y  t h e  low  t e m p e r a t u r e  pm r w i th  DME a s  t h e
100
TABLE 31
L e a s t - s q u a r e  F i t  t o  1 /6  v s .  1 /6  f o r  DME-DMB i n  t h e  P r e s e n c e  o f  E u(dpm)y
CHj i n  DME v s . CH3 i n  DME v s .
CT3 o  p r o t o n  
i n  DMB
m p r o t o n CH3 o  p r o t o n  
i n  DMB
m p r o t o n
S lo p e 0 .2 6 8 9 0 .3 4 7 0 0 .1 7 6 9 0 .7 2 6 7 0 .9 3 7 6 0 .4 7 8 1
0 s l o p e 0 .0 0 2 4 0 .0 0 2 9
0 .0 0 1 5 0 .0 0 6 8 0 .0 0 8 4 0 .0 0 4 4
I n t e r c e p t 0 .0 1 1 4 0 .0 1 3 2 0 .0 1 1 5 0 .0 3 3 3 0 .0 3 8 1 0 .0 3 3 6
^ i n t e r c .
0 .0 0 0 7 0 .0 0 0 7 0 .0 0 0 7 0 .0 0 2 1 0 .0 0 2 0 0 .0 0 2 1
C o r r .  C o e f f . 0 .9 9 9 4 0 .9 9 9 5 0 .9 9 9 4 0 .9 9 9 3 0 .9 9 9 4 0 .9 9 9 3
kdmb
1 1 9 .1 1 1 2 .3 1 1 8 .7 1 1 5 .3 1 0 8 .5 1 1 4 .9
a K 9 .6
9 .4 9 .6 1 0 .2 9 .8 1 0 .1
A 8 .5 8 1 1 .7 4 5 .6 6 8 .9 1 1 2 .2 2 5 .8 9
°A 0 .0 3 0 .0 8 0 .0 2 0 .0 3 0 .0 7 0 .0 2
A v e ra g e  v a l u e s  f o r  DMB -  E u (d p m )3
K - 1 1 5 .  M_1 (± 4 .)
A „  » 8.75 ppm (±0.02)
3
A * 12.01 ppm (±0.05)o r t n o
A « 5.78 ppm (±0.01)
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55s u b s t r a t e  , o n ly  1 :1  t y p e  o f  a d d u c ts  a r e  e x p e c t e d  f o r  t h i s  s y s te m  a t  
room  t e m p e r a t u r e .  The a l r e a d y  m e n tio n e d  p r o c e d u r e  o f  a  d i r e c t  d e t e r ­
m in a t io n  o f  K a n d  A 's  w as a p p l i e d  f o r  D M E -E u(fod )3 » One m a in  p ro b le m  
a r o s e .  S e v e r e  b r o a d e n in g  o f  t h e  pm r s i g n a l s  w as o b s e r v e d  o f  s u c h  a  mag­
n i t u d e  t h a t  made i t  i m p o s s ib l e  t o  o b t a i n  c h e m ic a l  s h i f t  d a t a .  I t  w as 
n o t e d  t h a t  a d d i t i o n  o f  t r a c e s  o f  w a te r  g r e a t l y  s h a r p e n e d  s u c h  s i g n a l s ,  
b u t  c a u s e d  n o  s h i f t i n g ,  t h a t  i s  w a te r  a c t s  a s  a  c a t a l y s t  t o  t h e  i n t e r ­
ch a n g e  b e tw e e n  t h e  f r e e  a n d  t h e  co m p lex  s u b s t r a t e  m o le c u le s ,  b u t  d o e s  
n o t  i n t e r f e r e  a s  " s c a v e n g e r . "  T h i s  may a p p e a r  s t r a n g e  a t  t h i s  p o i n t ,  
b u t  an  e x p l a n a t i o n  w i l l  b e  o f f e r e d  i n  t h e  s e c t i o n  DME a n d  N e o p e n ta n o l  
(11) i n  C o m p e t i t io n  f o r  E u ( f o d ) ^ .
U s in g  a s  s o l v e n t  d e u t e r a t e d  c h lo r o f o r m  s a t u r a t e d  w i t h  w a t e r ,  t h e  
o b s e r v e d  c h e m ic a l  s h i f t s  f o r  D M E-E u(fod>3 a r e  g iv e n  i n  T a b le s  3 2 -3 3 ;
F ig u r e  18 i s  a  r e p r e s e n t a t i o n  o f  t h e  c h e m ic a l  s h i f t s  f o r  CH2 a s  a  f u n c t i o n  
o f  E u ( f o d ) 3 a n d  DME c o n c e n t r a t i o n s .
DMB an d  DME i n  C o m p e t i t io n  f o r  E u ( f o d ) ^
I n  a  s i m i l a r  m an n e r a s  f o r  E u fd p m )^ , t h e  p r e s e n c e  o f  o n ly  1 :1  ty p e  
o f  a d d u c ts  w i t h  t h e  f l u o r i n a t e d  s h i f t  r e a g e n t  m u s t b e  d e m o n s t r a t e d .  DMB 
w as a g a in  t h e  c h o ic e  w i t h  r e s u l t s  s i m i l a r  t o  t h e  p r e v io u s  r e p o r t e d .
T a b le s  34 a n d  35 su m m arize  o b s e r v e d  c h e m ic a l  s h i f t s  a n d  l e a s t  s q u a r e  
a n a l y s i s  t o  t h e  s t r a i g h t  l i n e  p r e d i c t e d  by  e q u a t i o n  3 8 . F ig u r e  19 i s  
an  ex a m p le  o f  s u c h  c o r r e l a t i o n .
I t  may a p p e a r  t h a t  t h e  m a g n i tu d e  o f  t h e  e q u i l i b r i u m  c o n s t a n t  f o r  
t h e  s y s te m  D M B -E u(fod)3 i s  low  co m p ared  t o  t h e  r e s p e c t i v e  v a l u e  f o r  DME, 
a n d  n o  f u r t h e r  a t t e m p t  t o  d e m o n s t r a te  t h e  a c c u r a c y  b y  a  d i r e c t  d e t e r m in a ­
t i o n  w as c a r r i e d  o u t ,  s i n c e  t h e  m a jo r  c o n c e rn  w as t h e  s t o i c h i o m e t r y  o f  
t h e  a d d u c t s .  T he a p p a r e n t  r e l a t i v e  i n s t a b i l i t y  o f  E u ( f o d ) 3 *DMB v s .
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TABLE 32
C o m p u te r O u tp u t  fro m  a  D i r e c t  D e te r m in a t io n  o f  E q u i l ib r iu m  C o n s ta n t  
an d  A f o r  CH3 i n  DME [ S h i f t  R e a g e n t :  E u ( f o d ) 3J .
CONCENTRATION OF * CALCULATED *
* CHEMICAL * 
SUBSTRATE LANTHANIDE 1 : 1  COMPLEX * SHIFT (SC)  *
OBSERVED * 
CHEMICAL # SO-SC 
SHIFT  (SO)  *
0 . 1 0 7 6 0 .  1191 0 . 1 0 3 5 1 1 . 4 8 1 2 1 1 . 5 1 7 5 0 . 0 3 6 3
0 . 1 0 7 6 0 . 1 0 6 6 0 . 0 9 9 3 1 1 . 1 4 7 2 1 1 . 0 7 5 7 - 0 . 0 7 1 6
0 . 1 0 7 6 0 . 0 9 4 0 0 . 0 9 0 7 1 0 . 4 7 1 0 1 0 . 3 6 2 7 - 0 . 1 0 8 3
0 . 1 0 7 6 0 . 0 8 3 1 0 . 0 8 1 2 9 . 7 2 1 6 9 . 6 0 9 6 - 0 . 1 1 2 0
0 . 1 0 7 6 0 . 0 7 1 4 0 . 0 7 0 3 8 . 8 6 3 4 8 . 7 6 6 1 - 0 . 0 9 7 3
0 . 1 0 7 6 0 . 0 5 9 5 0 . 0 5 8 8 7 . 9 5 8 3 7 . 8 9 2 5 - 0 . 0 6 5 8
0 . 1 0 7 6 0 . 0 4 7 6 0 . 0 4 7 1 7 . 0 4 0 8 7 . 0 5 9 1 0 . 0 1 8 3
0 . 1 0 7 6 0 . 0 3 5 7 0 . 0 3 5 4 6 . 1 1 6 7 6 . 1 5 5 4 0 . 0 3 8 7
0 . 1 0 7 6 0 . 0 2 3 8 0 . 0 2 3 6 5 . 1 8 9 4 5 . 2 3 1 6 0 . 0 4 2 2
0 . 0 5 3 8 0 . 1 1 9 1 0 . 0 5 3 3 1 1 . 7 2 7 3 1 1 . 7 3 8 4 0 . 0 1 1 1
0 . 0 5 3 8 0 . 1 0 6 6 0 . 0 5 3 2 1 1 . 7 0 9 2 1 1 . 7 0 8  3 - 0 . 0 0 0 9
0 . 0 5 3 8  • 0 , 0 9 4 0 0 . 0 5 3 0 1 1 . 6 8 0 0 1 1 . 6 9 8 2 0 . 0 1 8 2
0 . 0 5 3 8 0 . 0 8 3 1 0 . 0 5 2 7 1 1 . 6 3 6 5 1 1 . 6 6 8 1 0 . 0 3 1 7
0 . 0 5 3 8 0 . 0 7 1 4 0 . 0 5 2 1 1 1 . 5 4 2 2 1 1 . 6 0 7 9 0 . 0 6 5 6
0 . 0 5 3 8 0 . 0 6 4 9 0 . 0 5 1 5 1 1 . 4 3 3 4 1 1 . 4 7 7 3 0 . 0 4 3 9
0 . 0 5 3 8 0 . 0 5 9 5 0 . 0 5 0 4 1 1 . 2 6 7 0 1 1 . 2 7 6 5 0 . 0 0 9 5
0 . 0 5 3 8 0 . 0 5 1 0 0 . 0 4 6 9 1 0 . 7 0 8 7 1 0 . 7 1 4 2 0 . 0 0 5 5
0 . 0 5 3 8 0 . 0 4 7 6 0 . 0 4 4 6 1 0 . 3 5 6 6 1 0 . 2 3 2 2  • - 0 . 1 2 4 4
0 . 0 5 3 8 0 . 0 4 0 8 0 . 0 3 9 2 9 . 4 9 8 1 9 . 4 6 9 0 - 0 . 0 2 9 1
0 . 0 5 3 8 0 . 0 3 5 7 0 . 0 3 4 6 8 . 7 7 8 5 8 . 7 4 6 1 - 0 . 0 3 2 4
0 . 0 5 3 8 0 . 0 2 8 6 0 . 0 2 7 9 7 . 7 2 4 3 7 . 6 9 1 7 - 0 . 0 3 2 5
0 . 0 5 3 8 0 . 0 2 3 8 0 . 0 2 3 3 7 . 0 0 4 7 7 . 0 5 9 1 0 . 0 5 4 4
0 . 0 5 3 8 0 . 0 1 7 9 0 . 0 1 7 6 6 . 0 9 3 2 6 . 2 0 5 6 0 . 1 1 2 3
0 . 0 2 6 9 0 . 1 1 1 0 0 . 0 2 6 7 1 1 . 7 4 4 6 1 1 . 7 0 8 3 - 0 . 0 3 6 3
0 . 0 2 6 9 0 . 0 4 7 6 0 . 0 2 6 2 1 1 . 5 6 8 2 1 1 . 7 2 8 4 0 . 1 6 0 2
0 . 0 2 6 9 0 . 0 3 7 6 0 . 0 2  56 1 1 . 3 8 9 5 1 1 . 4 5 7 2 0 . 0 6 7 7
0 . 0 2 6 9 0 . 0 3 3 2 0 . 0 2 5 0 1 1 . 2 1 0 1 1 1 . 2 7 6 5 0 . 0 6 6 4
0 . 0 2 6 9 0 . 0 2 8 6 0 . 0 2 3 8 1 0 . 8 2 9 3 1 0 . 8 6 4 8 0 . 0 3 5 4
0 . 0 2 6 9 0 . 0 2 6 0 0 . 0 2 2 7 1 0 . 4 6 8 4 1 0 . 4 6 3 1 - 0 . 0 0 5 2
0 . 0 2 6 9 0 . 0 2 3 8 0 . 0 2 1 4 1 0 . 0 7 1 5 1 0 . 1 0 1 6 0 . 0 3 0 1
0 . 0 2 6 9 0 . 0 2 5 5 0 . 0 2 2 4 1 0 . 3 9 1 1 1 0 . 3 1 2 5 - 0 . 0 7 8 6
0 . 0 2 6 9 0 . 0 2 1 6 0 . 0 1 9 9 9 . 5 9 4 2 9 . 5 7 9 5 - 0 . 0 ) 4 7
0 . 0 2 6 9 0 . 0 1 7 9 0 . 0 1 6 8 8 . 6 2 8 1 8 . 6 1 5 5 - 0 . 0 1 2 6
0 . 0 2 6 9 0 . 0 1 4 3 0 . 0 1 3 7 7 . 6 2 8 1 7 . 6 2 1 4 - 0 . 0 0 6 7
0 . 0 2 6 9 0 . 0 1 1 9 0 . 0 1 1 4 6 . 9 3 4 7 6 . 9 1 8 5 - 0 . 0 1 6 2
CHEMICAL SHIFT  OF * EQUILIBRIUM
FREE *
SUBSTRATE 1 : 1  COMPLEX * CONSTANT
3 . 3 2 6 6 8 . 4 8 0 1 1608 . 8 7 3 5
ID DEVIATIONS 0 . 0 6 2 2 0 . 0 8 1 6 92 . 9 0 6 4
IVES 0 . 0 0 5 8 0 . 0 0 4 7 0 . 0 0 0 0
D DEVIATION OF AN OBSERVATION OF UNIT WEIGHT 0 . 1 0 6 3
PERCENTAGE OF STANDARD DEVIATION 0 . 2 0 6 6
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TABLE 33
Computer Output from a Direct Determination of Equilibrium Constant




* CHEMICAL * 
1 : 1  COMPLEX * SHIFT (SC)  *
OBSERVED * 
CHEMICAL * SO-SC 
SHIFT (SO)  *
0 . 1 0 7 6 0 . 1 1 9 1 0 . 1 0 3 5 1 9 . 5 6 8 9 1 9 . 6 2 0 9 0 . 0 5 2 0
0 . 1 0 7 6 0 . 1 0 6 6 0 . 0 9 9 3 1 8 . 9 0 5 0 1 8 . 7 4 7 3 - 0 . 1 5 7 8
0 . 1 0 7 6 0 . 0 9 4 0 0 . 0 9 0 7 1 7 . 5 6 0 9 1 7 . 3 1 1 4 - 0 . 2 4 9 5
0 . 1 0 7 6 0 . 0 8 3 1 0 . 0 8 1 2 1 6 . 0 7 1 4 1 5 . 8 2 5 2 - 0 . 2 4 6 1
0 . 1 0 7 6 0 . 0 7 1 4 0 . 0 7 0 3 1 4 . 3 6 5 6 1 4 . 1 4 8 3 - 0 . 2 1 7 2
0 . 1 0 7 6 0 . 0 5 9 5 0 . 0 5 8 8 1 2 . 5 6 6 5 1 2 . 4 2 1 2 - 0 . 1 4 5 3
0 . 1 0 7 6 0 . 0 4 7 6 0 . 0 4 7 1 1 0 . 7 4 2 7 1 0 . 8 3 4 7 0 . 0 9 2 0
0 . 1 0 7 6 0 . 0 3 5 7 0 . 0 3 5 4 8 . 9 0 5 8 8 . 9 9 7 1 0 . 0 9 1 3
0 . 1 0 7 6 0 . 0 2 3 8 0 . 0 2 3 6 7 . 0 6 2 6 7 . 1 6 9 6 0 . 1 0 7 0
0 . 0 5 3 8 0 . 1 1 9 1 0 . 0 5 3 3 2 0 . 0 5 8 1 2 0 . 0 8 2 8 0 . 0 2 4 7
0 . 0 5 3 8 0 . 1 0 6 6 0 . 0 5 3 2 2 0 . 0 2 2 1 2 0 . 0 4 2 6 0 . 0 2 0 5
0 . 0 5 3 8 0 . 0 9 4 0 0 . 0 5 3 0 1 9 . 9 6 4 1 2 0 . 0 1 2 5 0 . 0 4 8 4
0 . 0 5 3 8 0 . 0 8 3 1 0 . 0 5 2 7 1 9 . 8 7 7 5 1 9 . 9 6 2 3 0 . 0 8 4 8
0 . 0 5 3 8 0 . 0 7 1 4 0 . 0 5 2 1 1 9 . 6 9 0 2 1 9 . 8 3 1 8 0 . 1 4 1 6
0 . 0 5 3 8 0 . 0 6 4 9 0 . 0  515 1 9 . 4 7 3 9 1 9 . 5 7 0 7 0 . 0 9 6 8
0 . 0 5 3 8 0 . 0 5 9 5 0 . 0 5 0 4 1 9 . 1 4 3 2 1 9 . 1 7 9 1 0 . 0 3 5 9
0 . 0 5 3 8 0 . 0 5 1 0 0 . 0 4 6 9 1 8 . 0 3 3 3 1 8 . 0 1 4 3 - 0 . 0 1 9 1
0 . 0 5 3 8 0 . 0 4 7 6 0 . 0 4 4 6 1 7 . 3 3 3 5 1 7 . 0 9 0 4  ' - 0 . 2 4 3 1
0 . 0 5 3 8 0 . 0 4 0 8 0 . 0 3 9 2 1 5 . 6 2 7 1 1 5 . 5 5 4 1 - 0 . 0 7 3 0
0 . 0 5 3 8 0 . 0 3 5 7 0 . 0 3 4 6 1 4 . 1 9 6 6 1 4 . 1 1 8 2 - 0 . 0 7 8 4
0 . 0 5 3 8 0 . 0 2 8 6 0 . 0 2 7 9 1 2 . 1 0 1 2 1 2 . 0 2 9 6 - 0 . 0 7 1 6
0 . 0 5 3 8 0 . 0 2 3 8 0 . 0 2 3 3 1 0 . 6 7 1 0 1 0 . 7 2 4 2 0 . 0 5 3 2
0 . 0 5 3 8 0 . 0 1 7 9 0 . 0 1 7 6 8 . 8 5 9 2 9 . 0 9 7 5 0 . 2 3 8 3
0 . 0 2 6 9 0 . 1 1 1 0 0 . 0 2 6 7 2 0 . 0 9 2 5 2 0 . 0 4 2 6 - 0 . 0 4 9 8
0 . 0 2 6 9 0 . 0 4 7 6 0 . 0 2 6 2 1 9 . 7 4 1 8 1 9 . 9 9 2 4 0 . 2 5 0 6
0 . 0 2 6 9 0 . 0 3 7 6 0 . 0 2 5 6 1 9 . 3 8 6 7 1 9 . 5 7 0 7 0 . 1 8 4 0
0 . 0 2 6 9 0 . 0 3 3 2 0 . 0 2 5 0 1 9 . 0 3 0 0 1 9 . 1 8 9 1 0 . 1 5 9 1
0 . 0 2 6 9 0 . 0 2 8 6 0 . 0 2 3 8 1 8 . 2 7 3 2 1 8 . 3 6 5 7 0 . 0 9 2 5
0 . 0 2 6 9 0 . 0 2 6 0 0 . 0 2 2 7 1 7 . 5 5 5 7 1 7 . 5 4 2 3 - 0 . 0 1 3 4
0 . 0 2 6 9 0 . 0 2 3 8 0 . 0 2 1 4 1 6 . 7 6 6 9 1 6 . 8 6 9 5 0 . 1 0 2 6
0 . 0 2 6 9 0 . 0 2 5 5 0 . 0 2 2 4 1 7 . 4 0 2 2 1 7 . 2 5 1 1 - 0 . 1 5 1 1
0 . 0 2 6 9 0 . 0 2 1 6 0 . 0 1 9 9 1 5 . 8 1 8 2 1 5 . 7 4 4 9 - 0 . 0 7 3 3
0 . 0 2 6 9 0 . 0 1 7 9 0 . 0 1 6 8 1 3 . 8 9 7 8 1 3 . 8 4 7 1 - 0 . 0 5 0 7
0 . 0 2 6 9 0 . 0 1 4 3 0 . 0 1 3 7 1 1 . 9 1 0 1 1 1 . 8 8 9 0 - 0 . 0 2 1 1
0 . 0 2 6 9 0 . 0 1 1 9 0 . 0 1 1 4 1 0 . 5 3 1 8 1 0 . 5 2 3 4 - 0 . 0 0 8 4
CHEMICAL SHIFT  OF *  EOUILIBRIUM
FREE 4
SUBSTRATE 1 : 1  COMPLEX * CONSTANT
3 . 3 5 9 9 1 6 . 8 5 6 1 1 6 0 8 . 8 7 3 5
STANDARD DEVIATIONS 0 . 0 6 2 3 0 . 0 8 8 5 9 2 . 9 0 6 4
DERIVATIVES 0 . 0 1 2 7 0 . 0 1 0 5 0 . 0 0 0 0
STANDARD DEVIATION OF AN OBSERVATION OF UNIT WEIGHT 0 , 1 0 6 3
PERCENTAGE OF STANDARD DEVIATION 0 . 2 8 6 6
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F ig u r e  18  -  C h e m ic a l S h i f t s  o f  CH i n  DME v s .  DME an d  
E u ( f o d ) ^  C o n c e n t r a t i o n s .
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TABLE 34
€1DME a n d  DMB i n  C o m p e t i t io n  f o r  E u ( f o d )y
6  i n  DME ( i n  ppm) 6  i n DMB ( i n  ppm)
M ix in g  P r o c e d u r e CH
2 CH3 c h 3 o m
1 6 .6 2 9 .9 8 5 .0 3 8 .2 6 7 .5 4
1 7 .7 0 1 0 .5 3 5 .5 5 8 . 8 8 7 .8 4
1 8 .2 7 1 0 .7 9 6 .0 6 9 .5 2 8 .1 3
0 .2  M DME a d d e d  t o 1 8 .7 3 1 1 .0 3 6 . 6 8 1 0 .2 7 8 .4 8
0 .2  M DMB 1 9 .0 7 1 1 . 2 0 7 .3 9 1 1 .0 3 8 . 8 8
1 9 .3 9 1 1 .3 4 8 .1 3 1 2 . 0 2 9 .3 1
1 9 .5 9 1 1 .4 5 8 .9 2 1 2 .9 8 9 .7 4
1 9 .6 8 1 1 .5 1 9 .5 9 1 3 .7 8 1 0 . 1 2
1 7 .0 7 1 0 . 2 0 5 .2 2 8 .5 0 7 .6 4
1 7 .3 6 1 0 .3 6 5 .3 7 8 . 6 6 7 .7 2
0 .2  M DMB a d d e d  t o 1 7 .6 5 1 0 .5 1 5 .5 4 8 . 8 6 7 .8 1
0 .2  M DME 1 7 .9 0 1 0 .6 2 5 .7 6 9 .1 0 7 .9 3
1 8 .2 2 1 0 .7 8 6 .0 6 9 .4 9 8 . 1 1
f r e e  s h i f t 3 .5 5 3 .3 9 3 .8 7 6 .9 2 6 .9 2
a )  S h i f t s  m u s t b e  c o r r e c t e d  b y  0 .6 9 * .
TABLE 35
L e a s t - s q u a r e P i t  t o  1 / 6 v s .  1 /6  f o r  DME-DMB i n  t h e  P r e s e n c e  o f  E u ( f o d ) 3
CH2  i n  DME v s • C«3 i n  DME v s •
CH3 o  p r o t o n  m p r o t o n CT3 o  p r o t o n m p r o t o n
i n  DMB i n  DMB
S lo p e 0 .0 2 1 7 0 .0 2 5 2 0 . 0 1 2 0 0 .0 4 2 1 0 .0 4 8 9 0 .0 2 3 4
cr ,  s l o p e 0 . 0 0 0 1 0 . 0 0 0 2
0 . 0 0 0 1 0 .0 0 0 5 0 .0 0 0 6 0 .0 0 0 3
I n t e r c e p t 0 .0 5 7 7 0 .0 5 7 8 0 .0 5 7 8 0 .1 1 4 8 0 .1 1 5 1 0 .1 1 5 0
° i n t e r c .
0 . 0 0 0 1 0 . 0 0 0 1 0 . 0 0 0 1 0 . 0 0 0 2 0 . 0 0 0 2 0 . 0 0 0 2
C o r r .  C o e f f . 0 .9 9 9 7 0 .9 9 9 7 0 .9 9 9 7 0 .9 9 9 4 0 .9 9 9 3 0 .9 9 9 3
kdmb
4 4 .1 4 1 .4 4 1 .4 4 2 .6 3 8 .5 3 9 .9
ctk
1 3 .5 1 3 .4 1 3 .4 6 .7 6 .4 6 .5
A 1 3 .3 5 1 6 .5 1 7 .8 6 1 3 .4 7 1 7 .3 1 8 . 0 0
a A 3 .1 9 4 .1 7 1 .9 8
1 .1 6 1 . 6 6 0 .7 3
A v e ra g e v a l u e s  f o r  DM B-Eu(fod) 3
K »  4 1 . M- 1 (± 3 .)
% 3
A ^o r t h o
= 1 3 . ppm 
* 1 7 . ppm
(± 1 . )
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Figure 19 - 1/6 (DME) vis, 1/6 (DMB) in the Presence of Eu(fod)3.
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E u ( f o d ) 2 *DME c o u ld  b e  d u e  t o  d i f f e r e n t  s p a t i a l  a r r a n g e m e n ts  a n d  a n g le  
s t r e s s  i n  t h e  f o r m a t io n  o f  t h e  a d d u c t s .  As a  f i r s t  a p p r o x im a t io n ,  t h e  
h i g h e r  v a lu e  f o r  A(CH^) DMB [c o m p a red  t o  A(CH3 ) i n  DME] c o u ld  b e  
i n t e r p r e t e d  a s  a  s m a l l e r  I a - 0  b o n d , w h ic h  c o u ld  r e s u l t  i n  a  m ore  u n s t a b l e  
f iv e - m e m b e re d r in g  i n  t h e  c h e l a t e .
I n d e p e n d e n t ly  o f  t h e  r e l a t i v e  e q u i l i b r i u m  c o n s t a n t s ,  t h e  s t r a i g h t  
l i n e s  w i th  a  h i g h  c o r r e l a t i o n  c o e f f i c i e n t  a r e  t h e  b a s i s  f o r  b e l i e v i n g  
t h a t  a t  room  t e m p e r a t u r e  t h e  p r e f e r r e d  s t o i c h i o m e t r y  f o r  t h e  a d d u c t  f o r ­
m a t io n  b e tw e e n  Eu(dpm ) 3  a n d  DME (a n d  DMB) i s  1 : 1 .  E ven  i f  a  c o o r d i n a t i o n  
nu m b er 9 h a s  b e e n  d e t e c t e d  f o r  some l a n t h a n i d e s ,  i t  a p p e a r s  f ro m  t h e  
p r e v i o u s  r e s u l t s  t h a t  w i th  t h e s e  p a r t i c u l a r  s h i f t  r e a g e n t s ,  t h e  h i g h e r  
c o o r d i n a t i o n  n u m b er w i l l  b e  8  s i n c e  a  c l e a r  d e v i a t i o n  fro m  l i n e a r i t y  
w o u ld  o t h e r w is e  b e  e x p e c t e d  f o r  t h e  c o m p e t i t i v e  s y s te m s  d e s c r i b e d  h e r e  
a n d  i n  p r e v i o u s  s e c t i o n s .  T h e o r e t i c a l  a n a l y s i s  f o r  a  h i g h e r  c o o r d in a t io n  
nu m b er o f  9 w as n o t  c a r r i e d  o u t ,  b u t  t h e  ab o v e  s t a t e m e n t  i s  e x t r a p o l a t e d  
fro m  t h e  d i f f e r e n c e  b e tw e e n  t h e  1 : 1  a n a l y s i s  a n d  1 : 1  a n d  2 : 1  a d d u c t  f o r m a t io n  
a n a l y s i s  (c o m p a re  s e c t i o n s  I n t r o d u c t i o n  t o  C o m p e t i t iv e  S y s te m s  w i t h  T h e o re ­
t i c a l  A n a ly s i s  I n c l u d i n g  2 :1  T ype o f  A d d u c t f o r  B ) .
DME a n d  N e o p e n ta n o l  (11 ) i n  C o m p e t i t io n  f o r  Eu(dpm ) 3
T a b le  36 g i v e s  e x p e r i m e n t a l  d a t a  f o r  t h e  s y s te m  n e o p e n ta n o l  (11) 
an d  DME i n  t h e  p r e s e n c e  o f  E u (d p m )_ , F ig u r e  20 i s  a  g r a p h i c a l  ex am p lei 3
o f  t h e  1 / 6  v s .  1 / 6  p l o t s .
I f  t h e  a p p r o x im a t io n  t o  a  s t r a i g h t  l i n e  o f  e q u a t i o n  38  i s  m ad e , t h e  
v a l u e s  r e p o r t e d  i n  T a b le  37 r e s u l t .  P a r t i c u l a r  a t t e n t i o n  i s  c a l l e d  t o  t h e
m a g n itu d e  o f  t h e  r e s u l t i n g  e q u i l i b r i u m  c o n s t a n t ,  s i n c e  a  d r a s t i c  d i f f e r e n c e
47 49 - 1e x i s t s  w i th  p r e v i o u s l y  r e p o r t e d  v a l u e s  '  ( s e e  T a b le  4 ,  K = 1 0 - 6 .3  M ) .
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Neopentanol and DME
0 .2  M DME a d d e d  t o  
0 .2  M n e o p e n ta n o l .
0 .2  M n e o p e n ta n o l  
a d d e d  t o  0 .2  M DME.
0 .5  M DME a d d e d  t o  
0 .5  M n e o p e n ta n o l .
0 .5  M n e o p e n ta n o l  
ad d e d  t o  0 .5  M DME.
TABLE 36
i n  C o m p e t i t io n  f o r  Eu(dpm)* 
6  i n  DME ( in  ppm) 6  i n  n e o p e n ta n o l  ( i n  ppm)














8 . 2 0
8 .7 8
9 .3 7
1 0 .1 4























1 0 .3 3
1 1 .2 7
2 .7 7
2 .9 6  
3 .1 3  
3 .3 7  
3 .6 5
3 .9 7
1 0 .0 4
1 0 .5 0
1 0 .9 8
1 1 .7 9
1 3 .0 0







1 1 .0 6
1 1 .5 7
1 2 .0 9
1 2 .9 1
1 4 .0 0







1 0 .0 0
10.68
11.66
1 2 .6 2
1 3 .8 5







1 1 .0 6
1 1 .5 6
1 2 .2 9
1 2 .9 2
1 3 .7 5







f r e e  s h i f t  3 .5 6  3 .4 2  3 .3 1
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TABLE 37
L e a s t - s q u a r e  F i t  t o  1 /6  v s . 1 /6  f o r  DME -  N e o p e n ta n o l  i n  t h e  P r e s e n c e  
o f  E u td p m )^ .
CH2 i n  DME v s .  CH3  i n  DME v s .
“ 2
0 * 3 CH„
2
0 *3
i n  N e o p e n ta n o l i n  N e o p e n ta n o l
S lo p e 1 .3 9 1 6 0 .5 3 1 4 3 .8 3 2 3 1 .4 6 3 6
a  . s l o p e 0 .0 2 8 0 0 .0 1 0 7
0 .0 7 5 8 0 .0 2 8 3
I n t e r c e p t -0 .0 2 7 7 - 0 .0 2 2 3 - 0 .0 8 0 8 - 0 .0 6 5 9
° i n t e r c . 0 .0 0 4 1
0 .0 0 4 0 0 . 0 1 1 1 0 .0 1 0 6
C o r r .  C o e f f . 0 .9 9 5 6 0 .9 9 5 6 0 .9 9 5 7 0 .9 9 5 9
K 1 1
2 6 7 .6 2 4 7 .1 2 7 6 .7 2 5 5 .6
a K 2 8 .1 2 7 .0
2 7 .7 2 6 .4
A 1 9 .7 5 8 .1 7 1 9 .5 9 8 . 1 0
a A 0 .3 3 0 .1 7 0 .0 9 0 .0 6
A v e ra g e  v a l u e s  f o r  11^ -  Eu (dpm) 3
Kn  -  2 6 0 . m" 1  (± 1 4 .)
A *  1 9 .6 0  ppm (± 0 .0 9 )
2
A “  8 . 1 1  ppm (± 0 .0 6 )CH*
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B e c a u s e  o f  d i f f e r e n t  a m b ie n t  c o n d i t i o n s  a n d  t r e a t m e n t  o f  d a t a ,  i t  w as 
d e s i r a b l e  t o  e s t i m a t e  o n c e  m ore  K a n d  A 's  f o r  b y  a  d i r e c t  d e t e r m in a ­
t i o n  a s  p e r fo rm e d  w i t h  t h e  DME a n d  DMB. T a b le s  38 a n d  39 g i v e  r e s u l t s  
b y  a p p l y i n g  t h e  m e th o d  d e s c r i b e d  i n  A p p e n d ix  5 . E ven  th o u g h  t h i s  p r o ­
c e d u re  a f f o r d s  a  v a lu e  f o r  K w h ic h  i s  c o n s i d e r a b l y  h i g h e r  t h a n  t h a t  
r e p o r t e d  i n  t h e  l i t e r a t u r e  (K *  150 M ^) , a  s i g n i f i c a n t  d i f f e r e n c e  
e x i s t s  b e tw e e n  i t  a n d  t h e  K = 2 60  M * fro m  t h e  c o m p e t i t i o n  a n a l y s i s .
T h e re  a r e  tw o  p o s s i b l e  e x p l a n a t i o n s  f o r  s u c h  a  b e h a v i o r :
1) T he d i r e c t  d e t e r m i n a t i o n  o f  K a n d  A f o r  an  a l c o h o l  c o u ld
b e  a f f e c t e d  b y  i n t e r f e r i n g  e q u i l i b r i a  (T a b le  26) t o  a  d i f f e r e n t  e x t e n t  
t h a n  t h e  e t h e r .  F o r  e x a m p le ,  s e l f - a s s o c i a t i o n  f o r  a l c o h o l s  o c c u r s  t o  
a  c o n s i d e r a b l e  e x t e n t  ( s e e  L a(d p m )^  a n d  A l i p h a t i c  S y s te m s ) ,  a n d  s o  t h e  
a s s o c i a t i o n  w i t h  CHCl^ ( t h i s  l a s t  p o s s i b i l i t y  w i l l  t e n d  t o  d e c r e a s e  K 
fro m  a  d i r e c t  d e t e r m i n a t i o n  m e th o d ) .  F u r th e r m o r e ,  t h e s e  tw o  e f f e c t s  
a r e  t h e  o n ly  o n e s  t h a t  c o u ld  i n f l u e n c e  t h e  r e s u l t s  o f  t h e  c o m p e t i t i v e  
s y s te m  a n a l y s i s  a n d  t h e y  p r o b a b ly  d o  n o t  o c c u r  t o  t h e  sam e e x t e n t  i n  
DME. A d e v i a t i o n  fro m  l i n e a r i t y  c o u ld  r e s u l t ,  b u t  n o  f u r t h e r  a t t e m p t s  
t o  i n c l u d e  t h e s e  e f f e c t s  w e re  m ade.
2) R e e x a m in a tio n  o f  F ig u r e  20 show s a  c l o s e  s i m i l a r i t y  w i th  
F ig u r e  1 2 , w h e re  c o m p e tin g  2 :1  a n d  1 :1  e q u i l i b r i a  a r e  p l o t t e d .  An 
a t t e m p t  i s  m ade t o  a n a ly z e  t h e  d a t a  o f  T a b le  36 b y  t h e  p r o c e d u r e  d e s ­
c r i b e d  i n  A p p e n d ix  6 ,  w h e re  2 :1  a n d  1 :1  a d d u c ts  a r e  a ssu m e d  t o  b e  fo rm e d  
b y  t h e  s u b s t r a t e  B a n d  t h e  s h i f t  r e a g e n t .  S u ch  a n a l y s i s  i s ,  h o w e v e r ,  
g e n e r a l l y  u n s u c c e s s f u l ,  s i n c e  n o  c o n v e rg e n c e  i s  r e a c h e d .  F o r  t h e  0 .2  M 
d a t a  s e t ,  u s i n g  t h e  c h e m ic a l  s h i f t s  o f  t e r t - b u t y l  o f  jLl a n d  m e th y l  a n d  
m e th y le n e  o f  DME, a  c o n v e rg e n c e  i s  o b t a i n e d  w i t h  t h e  r e s u l t s  su m m a riz e d  
i n  T a b le  4 0 .
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TABLE 38
C o m p u te r O u tp u t  f ro m  a  D i r e c t  D e te r m in a t io n  o f  E q u i l ib r iu m  C o n s ta n t  
a n d  A f o r  CH2  i n  N e o p e n ta n o l  [ S h i f t  R e a g e n t :  E u (d p m ) 3 l .
CONCENTRATION OF * CALCULATED * OBSERVED *
=."• CHEMICAL * CHEMICAL * SO-SC
SUBSTRATE LANTHANIDE H I  COMPLEX * SHIFT  (SC)  * SHIFT (SO)  *
0 . 1 3 7 5  - 0 . 0 1 7 6 0 . 0 1 6 6 6 . 4 4 6 0 6 . 3 1 0 0 - 0 . 1 3 6 0
0 .  1375 0 . 0 1 5 6 0 . 0 1 4 8 6 . 0 9 2 1 6 . 0 0 0 0 - 0 . 0 9 2 1
0 . 1 3 7  5 0 . 0 1 3 7 0 . 0 1 3 0 5 . 7 3 2 0 5 . 6 6 0 0 - 0 . 0 7 2 0
0 .  1375 0 . 0 1 2 0 0 . 0 1 1 4 5 . 4 2 1 2 5 . 3 5 0 0 - 0 . 0 7 1 2
0 . 1 3 7  5 0 . 0 1 0 2 0 . 0 0 9 7 5 . 0 8 7 8 5 . 0 5 0 0 - 0 . 0 3 7 8
0 .  137 5 0 . 0 0 8 4 0 . 0 0 8 0 4 . 7 4 6  5 4 . 7 2 0 0 - 0 . 0 2 6 5
0 . 1 3 7 5 0 . 0 0 6 5 0 . 0 0 6 2 4 . 4 0 4 8 4 . 4  6 0 0 0 . 0 5 5 2
0 .  1375 0 . 0 0 4 7 0 . 0 0 4 5 4 . 0 6 4  4 4 . 1 0 0 0 0 . 0 3  56
0 . 1 3 7 5 0 . 0 0 2 9 0 . 0 0 2 7 3 . 7 2 1 7 3 . 8 0 0 0 0 . 0 7 8 3
0 . 0 6 8 7 0 . 0 1 7 2 0 . 0 1 5 3 9 . 1 9 0 4 9 . 3 2 0 0 0 . 1 2 9 6
0 . 0 6 8 7 0 . 0 1 5 2 0 . 0 1 3 6 8 . 5 1 9 0 8 . 6 2 0 0 0 . 1 0 3  0'
0 . 0 6 8 7 0 . 0 1 3 2 0 . 0 1 1 9 7 . 8 3 1 9 7 . 8 8 0 0 0 . 0 4 8 1
0 . 0 6 8 7 0 . 0 1 1 5 0 . 0 1 0 3 7 . 2 3 2 7 7 . 2 7 0 0 0 . 0 3 7 3
0 . 0 6 8 7 0 . 0 0 9 6 0 . 0 0 8 7 6 . 5 9 1 6 6 . 6 3 0 0 0 . 0 3 8 4
0 . 0 6 8 7 0 . 0 0 7 8 0 . 0 0 7 0 5 . 9 3 2  5 5 . 9 2 0 0 - 0 . 0 1 2 5
0 . 0 6 8 7 0 . 0 0 5 9 0 . 0 0 5 3 5 . 2 6 6 0 5 . 3 0 0 0 0 . 0 3 4 0
0 . 0 6 8 7 0 * 0 0 4 0 0 . 0 0 3 6 4 . 5 9 9 4 4 . 7 4 0 0 0 . 1 4 0 6
0 . 0 6 8 7 0 . 0 0 2 1 0 . 0 0 1 9 3 . 9 2 5 8 4 . 1 0 0 0 0 .  174 2
0 * 0 3 4 4  . 0 . 0 1 8 4 0 . 0 L 3 9 1 4 . 0 5 4 0 1 4 . 2 6 0 0 0 . 2 0 6 0
0 . 0 3 4 4 0 . 0 1 6 3 0 . 0 1 2 5 1 2 . 9 7 5 8 1 3 . 0 0 0  0 0 . 0 2 4 2
0 . 0 3 4 4 0 . 0 1 4 2 0 . 0 1 1 0 1 1 . 8  29 9 1 1 . 7 4 0 0 - 0 . 0  8 9 9
0 . 0 3 4 4 0 . 0 1 2 4 0 . 0 0 9 7 1 0 . 8 0 5 1 1 0 . 6 9 0 0 - 0 . 1 1 5 1
0 . 0 3 4 4 0 . 0 1 0 4 0 . 0 0 8 3 9 . 6 7 9  3 9 . 6 7 0 0 - 0 . 0 0 9 3
0 . 0 3 4 4 0 . 0 0 8 4 0 . 0 0 6 B 8 . 4 9 7 5 8 . 3 5 0 0 - 0 . 1 4 7 5
0 . 0 3 4 4 0 . 0 0 6 4 0 . 0 0 5 2 7 . 2 7 8 7 7 . 0 8 0 0 - 0 . 1 9 8 7
0 . 0 3 4 4 0 . 0 0 4 4 0 . 0 0 3 6 6 . 0 3 8 1 5 . 9 0 0 0 - 0 . 1 3 8 1
0 . 0 3 4 4 0 . 0 0 2 4 0 . 0 0 2 0 4 . 7 6 5 6 4 . 8 1 0 0 0 . 0 4 4  4
CHEMICAL SH IFT  OF EQUILIBRIUM
FREE *
SUBSTRATE 1 : 1  COMPLEX * CONSTANT
3 .  1 88 3 2 6 . 9 1 2 2 1 5 0 . 4 3 4 2
STANDARD DEVI ATI DNS 0 . 0 3 6 4 0 . 5 2 0 2 1 2 . 6 4 1 4
DERIVATIVES 0 . 0 0 0 6  0 . 0 0 0 1  0 . 0 0 0 0
STANDARD DEVIATION OF AN OBSERVATION OF UNIT WEIGHT 0 . 0 8 1 2
PERCENTAGE OF STANDARD DEVIATION 0 . 6 8 4 1
114
TABLE 39
C o m p u te r O u tp u t  fro m  a  D i r e c t  D e te r m in a t io n  o f  E q u i l i b r iu m  C o n s ta n t  
a n d  A f o r  t e r t - b u t y l  i n  N e o p e n ta n o l  [ S h i f t  R e a g e n t :  E u (d p m )^ ] .
’CONCENTRATION OF * CALCULATED 4 OBSERVE!) 4
CHEMICAL 4 CHEMICAL 4 so-sc
SUBSTRATE LANTHANIDE 1 : 1  COMPLEX * SHIFT ISC ) •J#V SHIFT (SO) 4
0 . 1 3 7 5 0 . 0 1 7 6 0 . 0 1 6 6 2 . 1 2 5 6 2 . 0 8 0 0 - 0 . 0 4 5 6
0 . 1 3 7 5 0 . 0 1 5 6 0 . 0 1 4 8 1 . 9 8 9 5 1 . 9 6 0 0 - 0 . 0 2 9 5
0 . 1 3 7 5 0 . 0 1 3 7 0 . 0 1 3 0 1 . 8 5 1 0 1 . 8 3 0 0 - 0 . 0 2 1 0
. 0 . 1 3 7 5 0 . 0 1 2 0 0 . 0 1 1 4 1 . 7 3 1 5 1 . 7 1 0 0 - 0 . 0 2 1 5
0 . 1 3 7 5 0 . 0 1 0 2 0 . 0 0 9 7 1 . 6 0 3 2 1 . 6 0 0 0 - 0 . 0 0 3 2
0 .  1375 0 . 0 0 8 4 0 . 0 0 8 0 1 . 4 7 2 0 1 . 4 7 0 0 - 0 . 0 0 2 0
0 . 1 3 7 5 0 . 0 0 6 5 0 . 0 0 6 2 1 . 3 4 0 5 1 . 3 6 0 0 0 . 0 1 9 5
0 .  1375 0 . 0 0 4 7 0 . 0 0 4 5 1 . 2 0 9 6 1 . 2 4 0 0 0 . 0 3 0 4
0 . 1 3 7 5 0 . 0 0 2 9 0 . 0 0 2 7 1 . 0 7 7 8 1 . 1 0 0 0 0 . 0 2 2 2
0 . 0 6 8 7 0 . 0 1 7 2 0 . 0 1 5 3 3 . 1 8 1 2 3 . 2 3 0 0 0 . 0 4 8 8
0 . 0 6 8 7 0 . 0 1 5 2 0 . 0 1 3 6 2 . 9 2 2 9 2 . 9 6 0 0 0 . 0 3 7 1
0 . 0 6 8 7 0 . 0 1 3 2 0 . 0 1 1 9  . 2 . 6 5 8 6 2 . 6 8 0 0 0 . 0 2 1 4
0 . 0 6 8 7 0 . 0 1 1 5 0 . 0 1 0 3 2 . 4 2 8 2 2 . 4 5 0 0 0 . 0 2 1 8
0 . 0 6 8 7 0 . 0 0 9 6 0 . 0 0 8 7 2 . 1 8 1 6 2 . 1 9 0 0 0 . 0 0 8 4
0 . 0 6 8 7 0 . 0 0 7 8 0 . 0 0 7 0 1 . 9 2 8 1 1 . 9 2 0 0 - 0 . 0 0 8 1
0 . 0 6 R 7 0 . 0 0 5 9 0 . 0 0 5 3 1 . 6 7 1 8 1 . 6 8 0 0 0 . 0 U 8 2
0 . 0 6 8 7 0 . 0 0 4 0 • 0 . 0 0  36 1 . 4 1 5 4 • 1 . 4 7 0 0 0 . 0 5 4 6
0 . 0 6 8 7 0 . 0 0 2 1 0 . 0 0 1 9 1 . 1 5 6 3 1 . 2 1 0 0 0 . 0 5 3 7
0 . 0 3 4 4 0 . 0 1 8 4 0 . 0 1 3 9 5 . 0 5 1 7 5 . 1 4 0 0 0 . 0 8 8 3
0 . 0 3 4 4 0 . 0 1 6 3 0 . 0 1 2 5 4 . 6 3 7 1 4 . 6 6 0 0 0 . 0 2 2 9
0 . 0 3 4 4 0 . 0 1 4 2 0 . 0 1 1 0 4 . 1 9 6 3 4 . 1 7 0 0 - 0 . 0 2 6 3
0 . 0 3 4 4 0 . 0 1 2 4 0 . 0 0 9 7 3 . 8 0 2 2 3 . 7 4 0 0 - 0 . 0 6 2 2
0 . 0 3 4 4 0 . 0 1 0 4 0 . 0 0 3 3 3 . 3 6 9 2 3 . 3 3 0 0 - 0 . 0 3 9 2
0 . 0 3 4 4 0 . 0 0 8 4 0 . 0 0 6 8 2 . 9 1 4 6 2 . 8 5 0 0 - 0 . 0 6 4 6
0 . 0 3 4 4 0 . 0 0 6 4 0 . 0 0 5 2 2 . 4 4 5 9 2 . 3 8 0 0 - 0 . 0 6 5 9
0 . 0 3 4 4 0 . 0 0 4 4 0 . 0 0 3 6 1 . 9 6 8 7 1 . 9 1 0 0 - 0 . 0 5 8 7
0 . 0 3 4 4 0 . 0 0 2 4 0 . 0 0 2 0 1 . 4 7 9 3 1 . 4 9 0 0 0 . 0 1 0 7
STANDARD DEVIATIONS 
DERIVATIVES
CHEMICAL SHIFT OF 
FREE
SUBSTRATE
0 . 8 7 2 7
0 . 0 2 8 5
0 . 0 0 0 1
* EQUILIBRIUM 
4
1 : 1  COMPLEX * CONSTANT
1 0 . 3 5 0 8
0 . 2 4 -4 5
0 . 0 0 0 0
STANDARD DEVIATION OF AN OBSERVATION OF UNIT WEIGHT 
PERCENTAGE OF STANDARD DEVIATION
1 5 0 . 4 3 4 2
1 2 . 6 4 1 4
0 . 0 0 0 0
0 . 0 8 1 2
0 . 6 8 4 1
EXECUTION TERMINATED. EXECUTION TIME 7 . 9 4 9  SECONDS.
TABLE 40
A n a ly s i s  o f  t e r t - B u ty l  S h i f t s  i n  N e o p e n ta n o l  [ S h i f t  R e a g e n t :  E u (d p m ) 3 J . a
^ 1  *Si2 AB1 AB2
From  c o m p e t i t io n  CH^ 1 7 0 . (8 . )  1 .3 0  (2) 1 0 .2 7  (2) 5 .9 3  (5)
w i th  DMEb  CH2  1 8 6 . (8 . )  0 .3 2  (7 ) 9 .4 5  (7 ) 1 5 . ( 2 . )
From  t h e o r e t i c a l  CH^ 1 5 4 . ( 1 . )  -  1 0 .5 1  (2)
K a b o v e 0  CH2  1 3 6 . ( 4 . )  -  1 0 .1 6  (8 )
a )  T he a sure g iv e n  i n  p a r e n t h e s i s  f o r  t h e  l a s t  s i g n i f i c a n t  f i g u r e ;  K 's  a r e  g iv e n
i n  M” * a n d  A 's  i n  ppm.
b )  C h e m ic a l s h i f t s  fro m  m ix in g  o f  0 .2  M s o l u t i o n s .
c )  C h e m ic a l s h i f t s  c a l c u l a t e d  fro m  t h e  f i r s t  tw o  e n t r i e s  i n  t h e  t a b l e  an d  t r e a t e d
a s  a  1 :1  a d d u c t  f o r m a t io n .  Com pare w i t h  T a b le  3 9 .
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An a rg u m e n t a g a i n s t  t h i s  s e c o n d  p o s s i b i l i t y  i s  t h e  l a r g e  d i f f e r e n c e  
( e s p e c i a l l y  i n  t h e  A v a l u e s )  t h a t  r e s u l t s  f ro m  s u c h  f i t s  ( i t  w i l l  b e  shown 
w i t h  E u ( f o d ) ^  t h a t  c o n v e rg e d  p a r a m e te r s  a r e  v e r y  s i m i l a r ) ,  b u t  e v e n  i f  a  
2 : 1  co m p lex  i s  p r e s e n t ,  t h i s  s p e c i e s  fo rm s  t o  a  v e r y  s m a l l  e x t e n t  a n d  
t h e  p r e c i s i o n  i n  t h e  o b s e r v e d  c h e m ic a l  s h i f t s  i s  n o t  s u f f i c i e n t  t o  a l lo w  
a c c u r a t e  c a l c u l a t i o n s .
I n  f a v o r  o f  t h e  2 : 1  a d d u c t  f o r m a t i o n ,  i s  t h e  t h e o r e t i c a l  a n a l y s i s  
w i t h  v a l u e s  o f  K 's  a n d  A 's  f ro m  T a b le  4 0 .  T h e o r e t i c a l  c h e m ic a l  s h i f t s
a n d  A^ fro m  t h e
c o m p e t i t i o n  r u n s  a t  t h e  c o n c e n t r a t i o n s  (T a b le  39) u s e d  f o r  t h e  d e t e r ­
m in a t io n  o f  K b y  t h e  d i r e c t  m e th o d . The r e s u l t i n g  c h e m ic a l  s h i f t s  w e re  
u s e d  a s  i n p u t  i n  t h e  c a l c u l a t i o n  o f  K a n d  A a s s u m in g  t h a t  o n ly  1 :1  a d d u c ts  
w e re  fo rm e d  (A p p e n d ix  5 ) .  I n  b o t h  c a s e s ,  low  v a l u e s  o f  e q u i l i b r i u m  
c o n s t a n t s  r e s u l t ,  w h ic h  w e re  i n c l u d e d  i n  T a b le  4 0 .
E ven  i f  t h e  2 :1  a d d u c t  f o r m a t io n  w o u ld  n o t  b e  t h e  r e s p o n s i b l e  f o r  
t h e  n o n - c o l i n e a r i t y  i n  F ig u r e  2 0 ,  t h e  p r e s e n t  a n a l y s i s  c l e a r l y  show s t h a t  
e q u i l i b r i u m  c o n s t a n t s  c o u ld  b e  e r r o n e o u s l y  d e te r m in e d  b y  t h e  d i r e c t  
m e th o d . From  o b s e r v e d  s h i f t s  r e p o r t e d  i n  T a b le s  38 a n d  3 9 ,  t h e r e  i s  
a b s o l u t e l y  n o  i n d i c a t i o n  t h a t  e q u i l i b r i a  o t h e r  t h a n  t h e  1 : 1  a d d u c t  f o r ­
m a t io n  a r e  i n v o l v e d .
A t te m p ts  t o  a n a ly z e  t h e  c h e m ic a l  s h i f t s  o f  T a b le s  38 a n d  39 a s  
1 :1  a n d  2 : 1  a d d u c ts  (A p p en d ix  8 ) f a i l e d ,  w h ic h  c o u ld  b e  a t t r i b u t e d  t o  
t h e  s m a l l  r a n g e  i n  t h e  s h i f t  r e a g e n t  c o n c e n t r a t i o n s .
B o m e o l  a n d  E u (d p m )j
S in c e  t h e  c o m p e t i t i v e  e x p e r im e n ts  p r o v i d e  an  a l t e r n a t i v e  e s t i m a ­
t i o n  o f  L IS ,  i t  i s  u s e f u l  t o  co m p are  r e s u l t s  fro m  a  d i r e c t  d e t e r m in a t i o n
w e re  c a l c u l a t e d  ( s e e  A p p e n d ix  7) u s i n g  Kb 2 '  1 '
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a n d  c o m p e t i t i v e  a n a l y s i s  i n  a  s t r u c t u r e  c o r r e l a t i o n .  B o r n e o l  w as c h o s e n  
f o r  s u c h  a n a l y s i s  a n d  c h e m ic a l  s h i f t s  o b t a i n e d  b y  b o th  m e th o d s  a r e  sum­
m a r iz e d  i n  T a b le  1 1 .
The p ro b le m  o f  d e t e r m in i n g  t h e  f r e e  s h i f t  h a d  t o  b e  o v e rco m e  i n  
t h i s  c a s e ,  s i n c e ,  e x c e p t  f o r  t h e  CH^ g r o u p s  a n d  t h e  ^  p r o t o n ,  t h e s e  
d a t a  c a n n o t  b e  o b t a i n e d  d i r e c t l y  fro m  t h e  s p e c tr u m  o f  b o r n e o l .
When o b s e r v e d  s h i f t s  o f  h ig h  m a g n i tu d e  (e . g .  > 100  Hz) a r e  
a n a ly z e d  b y  v is in g  e q u a t i o n  3 8 , o n e  f i n d s  t h a t  t h e  r e s u l t s  a r e  n o t  v e r y  
s e n s i t i v e  t o  t h e  v a lu e  o f  t h e  f r e e  s h i f t  ( s e e  A p p e n d ix  2 ) .
The c h e m ic a l  s h i f t s  f o r  t h e  m e th y l  g r o u p s  a n d  t h e  p r o t o n  d i s p l a y  
a  l i n e a r  r e l a t i o n s h i p  w i th  t h e  t o t a l  p (= lEu(dpm > 3 l / E [ S u b s t r a t e ] ) ,  an d  
t h e  e x t r a p o l a t i o n  t o  p = 0  f o r  t h i s  c a s e  d o e s  r e s u l t  i n  a  g o o d  a g re e m e n t  
w i th  t h e  e x p e r i m e n t a l  v a l u e s .  I t  i s  e x p e c t e d  t h a t  s i m i l a r  e x t r a p o l a t i o n s  
w o u ld  r e s u l t  i n  a  c l o s e  d e t e r m i n a t i o n  f o r  t h e  f r e e  s h i f t s  o f  t h e  o t h e r  
p r o t o n s ,  a n d  t h e y  w e re  s o  e s t i m a t e d .  1 /6  v s . 1 /6  p l o t s  f o r  DME a n d  
b o r n e o l  i n  t h e  p r e s e n c e  o f  E u (d p m )^  r e s u l t  i n  a  l i n e a r  r e l a t i o n s h i p ,  
t h u s  i n d i c a t i n g  t h e  f o r m a t io n  o f  1 : 1  a d d u c ts  b e tw e e n  b o r n e o l  a n d  t h e  
s h i f t  r e a g e n t  a s  t h e  m a in  c o n t r i b u t o r s  t o  t h e  o b s e r v e d  s h i f t s .
The r a t i o  b e tw e e n  t h e  A 's  c a l c u l a t e d  b y  b o th  m e th o d s  i s  r e l a t i v e l y  
c o n s t a n t  f o r  a l l  p r o t o n s ,  e x c e p t  f o r  t h e  b r id g e h e a d  p r o t o n  4 .  T he c o r ­
r e s p o n d in g  s i g n a l s ,  h o w e v e r ,  a r e  o f t e n  s u p e r im p o s e d  w i t h  t h e  s i g n a l s  fro m
H_ a n d  H .e x o ,  p r o d u c in g  i n  b o t h  d e t e r m i n a t i o n s  a  p o o r  e v a l u a t i o n  o f  A.5 5—
A d i r e c t  c o m p a r is o n  b e tw e e n  t h e  e q u i l i b r i u m  c o n s t a n t s  b y  t h e  tw o  
m e th o d s  c a n n o t  b e  made i n  t h i s  c a s e ,  s i n c e  t h e y  w e re  d e te r m in e d  i n  tw o  
d i f f e r e n t  s o l v e n t s :
1) By a  d i r e c t  d e t e r m i n a t i o n  ( i n  CC14 ) , Kg = 1 2 1 . ± 1 5 . M ^
2 ) By t h e  c o n p e t i t i v e  e x p e r im e n t  ( i n  C D C l,) , K «  1 9 4 . ± 5 M *
J  B
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96H o w ev er, a  h i g h e r  v a lu e  i n  a  CC14  m edium  i s  g e n e r a l l y  fo u n d  
(c o m p a red  w i t h  CDCl^ b y  t h e  sam e m e th o d ) . S in c e  a  h i g h e r  e q u i l i b r i u m  
c o n s t a n t  v a lu e  i s  fo u n d  b y  t h e  c o m p e t i t i v e  e x p e r im e n ts  i n  C D C l^, t h e  
p r e v i o u s l y  u s e d  a rg u m e n ts  f o r  n e o p e n ta n o l  c o u ld  a l s o  b e  a p p l i e d  t o  
t h i s  c a s e .
DME a n d  N e o p e n ta n o l  (11 ) i n  C o n p e t i t i o n  f o r  E u ( f o d ) ^
T a b le  41 g i v e s  e x p e r i m e n t a l  v a l u e s  f o r  t h e  c o n c e n t r a t i o n s  a n d
c h e m ic a l  s h i f t s  f o r  DME a n d  11 m i x tu r e s  i n  t h e  p r e s e n c e  o f  E u ( f o d ) ^
a s  t h e  s h i f t  r e a g e n t .  T h e re  i s  n o  d o u b t  a b o u t  a  2 : 1  a d d u c t  f o r m a t io n
f o r  JL1 a n d  E u ( f o d ) ^ ,  a s  c a n  b e  s e e n  b y  i n s p e c t i o n  o f  F ig u r e  2 1 ,  w h e re
1 /6  v s .  1 /6  p l o t s  a r e  p r e s e n t e d  f o r  t h e  CH3  ( i n  DME) v s .  CH^ ( i n  1 1 ) .
A p p e n d ix  6  d e s c r i b e s  t h e  p r o c e d u r e  u s e d  t o  e x t r a c t  v a l u e s  o f
K 's  a n d  A’s  fro m  t h e  e x p e r i m e n t a l  c h e m ic a l  s h i f t s ,  a n d  t h e  r e s u l t s
f o r  t h i s  s y s te m  a r e  su m m a riz e d  i n  T a b le  4 2 .  I t  h a s  t o  b e  k e p t  i n  m in d
t h a t  i n t e r f e r e n c e  fro m  o t h e r  p o s s i b l e  e q u i l i b r i a  c o u ld  a l s o  b e  p r e s e n t .
No a t t e m p t  w as m ade t o  r e f i n e  t h e  a n a l y s i s  i n  t h i s  c a s e  e i t h e r ,  s i n c e
i t  i s  c o n s i d e r e d  t h a t  t h e  p r im a r y  c o n t r i b u t i o n  o f  t h e  c o m p e t i t i v e  m e th o d
i s  t o  u n e q u i v o c a l ly  e s t a b l i s h  t h e  s t o i c h i o m e t r y  o f  t h e  a d d u c t s .
N e v e r t h e l e s s ,  d e s p i t e  t h e  h ig h  s t a n d a r d  d e v i a t i o n s ,  v a l u e s  f o r
t h e  e q u i l i b r i u m  c o n s t a n t s  a r e  q u i t e  c o n s i s t e n t  among t h e  f o u r  p o s s i b l e
a n a l y s i s .  U n f o r t u n a t e l y ,  t h e r e  a r e  n o t  many r e p o r t s  i n  t h e  l i t e r a t u r e
c o n c e r n in g  t h e  f o r m a t io n  o f  a d d u c ts  o f  d i f f e r e n t  s t o i c h i o m e t r y .  I s o p r o p y l
52a l c o h o l  w as a n a ly z e d  b y  R euben  b y  r e c o r d i n g  i t s  s p e c t r a  a t  a  c o n s t a n t  
s u b s t r a t e  c o n c e n t r a t i o n  a n d  v a r y in g  t h e  c o n c e n t r a t i o n  o f  t h e  s h i f t  r e a g e n t .  
T h is  a n a l y s i s  i s  a l s o  t h e  o n ly  r e p o r t  i n  t h e  l i t e r a t u r e  t h a t  c a n  b e  com­
p a r e d  w i t h  t h e  r e s u l t s  i n  t h e  p r e s e n t  w o rk ,  u s i n g  E u ( f o d ) 3  a s  t h e  s h i f t
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TABLE 41
N e o p e n ta n o l  a n d  DME i n  C o m p e t i t io n  f o r  E u ( f o d )y
C o n c e n t r a t i o n s  6 i n  DME ( i n  ppm) 6  i n  n e o p e n ta n o l  ( i n  ppm)
DME N e o p e n ta n o l CH
2 ^ 3 c h 2 <*3
0 .0 9 5 2 0 .0 8 0 4 8 .8 7 6 .0 4 4 .0 7 1 . 2 0
0 . 1 1 2 2 0 .0 6 0 9 8 .9 5 6 .1 7 4 .0 2 1 . 2 0
0 .1 3 6 6 0 .0 3 2 9 9 .1 2 6 .2 6 3 .8 8 1 .1 3
0 .0 7 9 2 0 .0 9 8 6 9 .9 6 6 .7 0 4 .5 0 1 .3 8
0 .0 7 8 5 0 .1 0 6 8 1 1 .1 6 7 .3 2 4 .9 0 1 .5 4
0 .0 6 0 2 0 .1 1 6 4 1 2 .3 1 7 .8 9 5 .3 7 1 .7 3
0 .0 4 7 8 0 .1 2 8 0 1 4 .0 3 8 .7 6 6 . 2 2 2 .0 7
0 .0 3 2 6 0 .1 4 2 2 1 6 .0 2 9 .7 6 7 .6 1 2 .6 4
0 .0 1 3 8 0 .1 5 9 8 1 7 .8 5 1 0 .5 9 9 .7 8 3 .5 1
0 .2 1 7 2 0 .2 4 0 9 1 3 .0 8 8 .3 4 8 .3 0 2 .9 5
0 .1 9 3 4 0 .2 6 1 1 1 4 .5 1 9 .0 6 9 .3 6 3 .3 9
0 .1 6 5 3 0 .2 8 5 1 1 5 .7 1 9 .6 3 1 0 . 32 3 .7 7
0 .1 3 1 4 0 .3 1 3 9 1 7 .0 9 1 0 .3 5 1 1 1 .5 5 4 .2 8
0 .0 9 0 0 0 .3 4 9 1 1 8 .6 3 1 1 .0 8 1 3 .1 8 4 .9 1
0 .0 3 8 0 0 .3 9 3 3 1 9 .9 8 1 1 .7 5 1 5 .5 3 5 .8 1
0 .2 3 6 4 0 .2 2 8 4 1 1 . 8 8 7 .7 0 7 .4 2 2 .6 0
0 .2 5 6 6 0 .2 0 3 6 1 2 .4 5 7 .9 6 7 .4 6 2 .6 2
0 .2 8 0 6 0 .1 7 4 2 1 2 .7 8 8 .1 5 7 .4 8 2 .6 3
0 .3 0 9 5 0 .1 3 8 8 1 3 .2 6 8 .3 7 7 .4 3 2 .5 9
0 .3 4 5 1 0 .0 9 5 2 1 3 .7 7 8 .6 4 7 .3 0 2 .5 6
0 .3 8 9 9 0 .0 4 0 4 1 4 .3 8 8 .9 6 6 .7 0 2 .3 0
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F ig u r e  21  -  1 /6  (DME) v s ,  1 /6  (N e o p e n ta n o l)  i n  t h e  P r e s e n c e  o f  
E u ( f o d ) ^  .
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TABLE 42
N e o p e n ta n o l  -  DME -  E u ( f o d ) ,  A n a ly s i s .
*B1
^ 2
CH2  i n  DME v s .  CH3  i n  DME v s .
c h 2  c h 3  c h 2  c h 3
i n  N e o p e n ta n o l  i n  N e o p e n ta n o l
8 3 . 8 3 . 8 2 . 7 9 .
O 9 5 0 . 4 3 3 . 8 0 7 . 3 7 3 .
1 7 . 1 7 . 1 7 . 1 8 .
O 2 6 7 , 1 2 2 . 2 3 3 . 1 1 5 .
A ,  1 1 . 4 . 1  1 1 . 4 .4
B l
O 3 4 . 6 .7  2 2 . 4 .6
A ,  1 5 . 6 .3  1 5 . 6 . 0
B2
CT 3 1 . 5 .9  2 3 . 4 .3
A v e ra g e  v a l u e s  f o r  N e o p e n ta n o l  -  E u ( f o d ) 3
»  8 1 .  m’ 1  (± 2 5 7 .)
-  1 7 . m" 1  (± 7 6 .)
CH2  ( i n  ppm) CH3  ( i n  ppm)
A ,  »  1 1 .  ± 1 8 . 4 .3  ± 3 .8B l
A__ -  1 5 . ± 1 8 . 6 . 1  ± 3 .5B2
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r e a g e n t .  V a lu e s  f o r  Kcs  a n d  A's w e re  g iv e n  i n  T a b le  5 (fro m  R euben  
c a l c u l a t i o n s ) , a n d  a r e  i n  a g re e m e n t w i th  t h o s e  o f  T a b le  42 (fro m  com­
p e t i t i v e  s y s t e m s ) .
The opportunity presents itself to eiqplain the non-scavenger 
characteristic for the D^O in the direct determination of K and A's 
for the system DME-Eu(fod)
T he p e r c e n t a g e  o f  1 ^ 0  i n  a  s a t u r a t e d  s o l u t i o n  o f  CHCl^ a t  23°C  
97i s  0 .072%  b y  w e ig h t  , w h ic h  c o r r e s p o n d s  t o  a  c o n c e n t r a t i o n  o f  0 .0 6  M.
E ven  i f  n o  d a t a  w as fo u n d  i n  t h e  l i t e r a t u r e  f o r  t h i s  p a r t i c u l a r  d e u -
t e r a t e d  b i n a r y  m i x t u r e ,  i s o t o p e  e f f e c t s  a r e  e x p e c t e d  t o  g r e a t l y  r e d u c e
98the solubility of D2O in CDCl^ ( in fact, the solubility of D 20 in 
CHCl^ is reduced by 15% by isotope effects).
From  F ig u r e  2 1 ,  when a l i q u o t s  o f  an  a l c o h o l  a r e  a d d e d  t o  an  
o r i g i n a l  0 .2  M s o l u t i o n  o f  DME, t h e  1 /6  v a l u e s  f o r  t h e  r e f e r e n c e  s i g n a l s  
a r e  n o t  a f f e c t e d  s i g n i f i c a n t l y .  E ven  i f  D^O a n d  an  a l c o h o l  p r o b a b ly  
h a v e  d i f f e r e n t  e q u i l i b r i u m  c o n s t a n t s  f o r  t h e  a d d u c t  f o r m a t i o n ,  a  b e h a v io r  
s i m i l a r  t o  F ig u r e  2 1  f o r  D^O s h o u ld  n o t  b e  s u r p r i s i n g .
DME a n d  2 -B u ta n o n e  (12) i n  C o m p e t i t io n  f o r  E u (dpm )^
K e to n e s  a r e  know n t o  b i n d  w e a k ly  w i t h  s h i f t  r e a g e n t s .  W ith  
Eu(dpm ) 2 a n d  DME a s  t h e  r e f e r e n c e ,  t h e  c h e m ic a l  s h i f t s  o f  2 -b u ta n o n e  
a n d  DME fro m  c o m p e t i t i v e  r u n s  a r e  r e p o r t e d  i n  T a b le  4 3 . 1 /6  v s . 1 /6
p l o t s  a f f o r d  v a l u e s  o f  i n t e r c e p t s  a n d  s l o p e s  o f  T a b le  4 4 ,  fro m  w h ic h  
t h e  v a l u e s  f o r  K a n d  A's w e re  c a l c u l a t e d .  Good s t r a i g h t  l i n e s  r e s u l t  
f ro m  t h i s  s y s te m ,  a s  i l l u s t r a t e d  i n  F ig u r e  22 f o r  t h e  CH2  ( i n  DME) v s . 
t h e  m e th y l  g ro u p s  i n  1 2 .
The d a t a  fro m  k e to n e  12 p r o v i d e  f u r t h e r  c o n f id e n c e  i n  t h e  K
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TABLE 43
2 -B u ta n o n e  a n d  DME i n  C o m p e t i t io n  f o r  E u (d p m )^ .
6  i n  DME ( i n  ppm) 5 i n  2--b u ta n o n e ( i n  ppm)
M ix in g  P r o c e d u r e
C T 2 ® 3
c h 3 (s )
“ 2
CH3 ( t )
1 3 .6 6 7 .0 4 2 .6 4 2 .9 4 1 .4 5
1 5 .0 9 7 .5 6 2 .7 9 3 .0 8 1 .5 5
0 . 1  M DME a d d e d  t o 1 6 .5 6 8 .0 8 2 .9 9 3 .2 9 1 .7 1
0 . 4  M 2 - b u ta n o n e 1 6 .2 8 8 .7 2 3 .3 2 3 .6 3 1 .9 6
1 9 .6 8 9 .2 4 3 .7 1 4 .0 1 2 .2 4
2 0 .7 4 9 .6 0 4 .1 7 4 .5 0 2 .6 0
1 5 .0 2 7 .5 4 2 .7 9 3 .0 9 1 .5 5
1 5 .5 8 7 .7 6 2 .8 5 3 .1 6 1 .6 2
0 . 4  M 2 -b u ta n o n e 1 6 .1 6 7 .9 6 2 .9 3 3 .2 4 1 .6 7
a d d e d  t o  0 . 1  M DME 1 6 .8 8 8 . 2 2 3 .0 4 3 .3 4 1 .7 4
1 7 .6 6 8 .5 0 3 .1 7 3 .4 7 1 .8 4
1 8 .5 9 8 .8 4 3 .3 9 3 .7 0 2 . 0 0
f r e e  s h i f t 3 .5 5 3 .3 9 2 .1 3 2 .4 4 1 .0 5
a )  S h i f t s  m u s t b e  c o r r e c t e d  b y  4 .1 % .
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TABLE 44
L e a s t - s q u a r e  P i t  t o  1 /5  v s .  1 /5  f o r  2 -B u ta n o n e  a n d  DME i n  t h e  P r e s e n c e  
o f  E u (d p m )3 .
CH2  i n  DME v s .  CH3  i n  DME v s .
c h 3 (S)
C H 2
CH3 ( t ) c h 3 ( s )
< * 2
CH3 ( t )
i n  2 - b u ta n o n e i n  2 - b u ta n o n e
S lo p e 0 .0 3 2 6 0 .0 3 3 2 0 .0 2 4 1 0 .0 8 8 1 0 .0 8 9 0 0 .0 6 4 6
a . s l o p e 0 .0 0 0 4 0 .0 0 0 5 0 .0 0 0 4 0 . 0 0 1 2 0 .0 0 1 3 0 . 0 0 1 0
I n t e r c e p t 0 .0 3 9 8 0 .0 3 9 9 0 .0 4 0 1 0 .1 0 9 4 0 .1 0 9 5 0 . 1 1 0 1
° i n t e r c . 0 .0 0 0 4 0 .0 0 0 5 0 .0 0 0 5 0 . 0 0 1 2 0 .0 0 1 3 0 .0 0 1 5
C o r r .  C o e f f . 0 .9 9 9 4 0 .9 9 9 0 0 .9 9 8 7 0 .9 9 9 1 0 .9 9 8 9 0 .9 9 8 7
* 1 2
1 1 . 2 1 0 . 8 1 0 . 1 7 .7 7 .5 6 .7
°K 4 .4 4 .8 4 .8 5 .7 5 .8 6 . 1
A 1 1 . 1 1 1 . 6 9 .1 1 6 .3 1 6 .8 1 3 .7
3 .5 4 .2 3 .5 1 0 . 6 1 1 .4 1 1 . 2
A v e ra g e  v a l u e s  f o r  12_ -  E u(dpm ) 3
* 1 2
- 9 . M_ 1 (± 2 . )
(S)
a 1 2 . ppm (± 3 .)
a 1 2 . ppm (± 4 .)
ACH3 ( t )
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a n d  A 's  o f  DME o b t a i n e d  b y  t h e  d i r e c t  d e t e r m i n a t i o n  m e th o d . From  
T a b le  26  i t  w as e v i d e n t  t h a t  i n t e r f e r e n c e  fro m  o t h e r  e q u i l i b r i a  t e n d s  
t o  d e c r e a s e  t h e  v a l u e  f o r  A, s o  AtCH^) a n d  A(CH^) f o r  DME c o u ld  p o s ­
s i b l y  b e  h i g h e r  t h a n  t h o s e  p r e v i o u s l y  d e te r m in e d  ( T a b le s  24 a n d  2 5 ) .  
H o w e v er, s u c h  h i g h e r  A v a l u e s  a r e  c l e a r l y  u n a c c e p ta b l e  b e c a u s e  t h e i r  
u s e  i n  d e t e r m in in g  K f o r  12_ l e a d s  t o  n e g a t i v e  e q u i l i b r i u m  c o n s t a n t  
r a t i o ,  w h ic h  h a s  n o  p h y s i c a l  m e a n in g .
L i t e r a t u r e  v a l u e s 5 0 *5 f o r  s i m i l a r  s y s te m s  (p ro p io p h e n o n e -E u (d p m ) ^ 
i n  CDClg) w e re  r e p o r t e d  i n  T a b le  4 ,  t h e  d i f f e r e n c e s  w i th  t h e  p r e s e n t  
w o rk  a r e  s m a l l  a n d  c o u ld  b e  a t t r i b u t e d  t o  t h e  d i f f e r e n t  s u b s t r a t e .
DME a n d  2 -B u ta n o n e  (12) i n  C o m p e t i t io n  f o r  E u ( f o d ) j
T h is  c o m p e t i t i v e  s y s te m  i n  t h e  p r e s e n c e  o f  E u ( f o d ) ^  r e p r e s e n t s  
an  ex a m p le  f o r  t h e  l i m i t  o f  t h e  a p p l i c a t i o n  o f  t h i s  m e th o d . T he k e to n e  
i s  a  v e r y  p o o r  c o m p e t i t i v e  com pound t o  DME b e c a u s e  o f  t h e  r e l a t i v e l y  
h ig h  e q u i l i b r i u m  c o n s t a n t  f o r  DME-Eu( fo d )  . E ven a t  h i g h  c o n c e n t r a t i o n s  
o f  12 a n d  low  c o n c e n t r a t i o n s  o f  DME ( i n  t h e  r a t i o  8 :1  i n  t h e  s t a r t i n g  
s o l u t i o n s ) , r e l a t i v e l y  s m a l l  s h i f t s  a r e  o b s e r v e d  when 1 2  i s  a d d e d  t o  
an  o r i g i n a l  s o l u t i o n  o f  DME a n d  t h e  s h i f t  r e a g e n t .
E x p e r im e n ta l  c h e m ic a l  s h i f t s  a n d  c o n c e n t r a t i o n s  a r e  r e p o r t e d  i n  
T a b le  4 5 . A t te m p ts  t o  a p p ly  t h e  p r o c e d u r e  o f  A p p e n d ix  6  f o r  t h e  s y s te m  
d e s c r i b e d  b y  e q u a t i o n  39 ( 1 :1  a n d  2 : 1  e q u i l i b r i a )  f a i l e d  t o  c o n v e rg e .  
T a k in g  CH2  i n  DME a s  t h e  r e f e r e n c e ,  v a l u e s  o f  e q u i l i b r i u m  c o n s t a n t s  t e n d
M.1
t o  Kf i l  -  5 .  M ± 1 5 0 0 . a n d  -  2 .  M ± 1 0 0 0 . ;  n o t  o n ly  s t a n d a r d  
d e v i a t i o n s  a r e  h i g h ,  b u t  a l s o  a  v e r y  p o o r  c o r r e l a t i o n  e x i s t s  b e tw e e n  
o b s e r v e d  a n d  c a l c u l a t e d  c h e m ic a l  s h i f t s .
H ow ever, s i n c e  a  s u p e r im p o s i t i o n  o f  t h e  1 /6  p l o t s  f o r  t h e  tw o  
m e th o d s  o f  m ix in g  d o e s  n o t  r e s u l t ,  i t  i s  c o n c lu d e d  t h a t  a  2 : 1  co m p lex
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TABLE 45
2 -B u ta n o n e  a n d  DME i n  C o m p e t i t io n  f o r  E u ( f o d ) ^ .
C o n c e n t r a t io n s 6  i n  DME ( i n  ppm) 6  i n  2 - b u ta n o n e  ( i n ppm)
DME 2 -b u ta n o n e < * 2 CT3 c h 3 ( s ) CH3 ( t ) < * 2
0 .0 2 3 7 0 .5 2 2 6 1 9 .0 8 1 1 .1 6 4 .7 8 2 .8 4 4 .9 0
0 .0 3 4 4 0 .4 6 7 6 1 9 .0 6 1 1 .1 6 4 .3 6 2 .5 6 4 .5 1
0 .0 4 3 1 0 .4 2 3 1 1 8 .8 6 1 1 .0 6 3 .9 3 2 .2 8 4 .1 2
0 .0 5 0 3 0 .3 8 6 3 1 8 .7 8 1 1 . 0 2 3 .5 5 2 . 0 2 3 .7 6
0 .0 5 6 4 0 .3 5 5 4 1 8 .5 8 1 0 .9 3 3 .2 1 1 .7 9 3 .4 5
0 .0 8 9 0 0 .0 6 8 8 2 0 .0 3 1 1 .7 5 4 .0 2 2 .3 6 4 .2 7
0 .0 7 8 1 0 .1 6 1 0 1 9 .7 1 1 1 .5 9 3 .4 5 1 .9 6 3 .7 1
0 .0 6 9 7 0 .2 3 3 2 1 9 .4 6 1 1 .4 7 3 .2 1 1 .7 9 3 .4 8
0 .0 6 2 8 0 .2 9 1 2 1 9 .2 4 1 1 .3 6 3 .0 8 1 .6 9 3 .3 5
0 .0 5 7 2 0 .3 3 8 8 1 9 .0 5 1 1 .2 7 2 .9 9 1 .6 2 3 .2 5
0 .0 5 2 5 0 .3 7 8 7 1 8 .9 4 1 1 . 2 1 2 .9 2 1 .5 8 3 .1 8
f r e e s h i f t s 3 .5 5 3 .4 0 2 .1 8 1 . 0 2 2 .4 9
a) C h e m ic a l s h i f t s  s h o u ld  b e  c o r r e c t e d  b y  -3 .3 % .
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i s  fo rm e d , p r o b a b ly  w i t h  lo w  e q u i l i b r iu m  c o n s t a n t s .
DME c o u ld  b e  a  b e t t e r  c h o ic e  f o r  t h e  d e t e r m i n a t i o n  o f  e q u i l i b r i u m  
c o n s t a n t s  b e tw e e n  a  k e to n e  a n d  E u ( f o d ) ^ ,  s i n c e  i t  show s a  much lo w e r  K 
f o r  t h e  r e f e r e n c e - E u ( f o d ) 3  s y s te m . No a t t e m p t s  a t  s u c h  an  a n a l y s i s  w e re  
m ade.
n -P ro p y la m in e  (13 ) a n d  DME i n  C o m p e t i t io n  f o r  E u (d p m )^
By t h e  a l r e a d y  f a m i l i a r  c o m p e t i t i v e  p r o c e d u r e ,  s p e c t r a  o f  n - p r o p y l -  
am in e  (13) a n d  DME m i x tu r e s  w e re  r e c o r d e d  i n  t h e  p r e s e n c e  o f  Eu(dpm ) 
R e s u l t s  a r e  r e p o r t e d  i n  T a b le  4 6 ,  a n d  an  ex a m p le  o f  1 /6  v s . 1 /6  p l o t s  
i s  g iv e n  i n  F ig u r e  23 w i t h  t h e  c a l c u l a t e d  v a l u e s  o f  K a n d  A 's  fro m  t h e
s t r a i g h t  l i n e  o f  e q u a t i o n  38 su m m a riz e d  i n  T a b le  4 7 .
47  49 - 1A rm ita g e  e t  a l . ' p r e v i o u s l y  r e p o r t e d  a  v a lu e  o f  K = 4 3 -1 2  M
(T a b le  4) f o r  t h e  n -p ro p y la m in e -E u (d p m )^  a d d u c ts  f o r m a t i o n .  I t  i s  
r e a l i z e d  t h a t  t h e  p r e v io u s  d i s c r e p a n c y  i n  t h e  c a s e  o f  n e o p e n ta n o l  w as 
h i g h ,  b u t  i s  m uch w o rs e  i n  t h e  c a s e  o f  t h e  a m in e . On t h e  o t h e r  h a n d ,  
t h e  s u p e r i n p o s i t i o n  o f  t h e  1 / 6  v a l u e s  f o r  t h e  tw o  m e th o d s  o f  m ix in g ,  
i n d i c a t e s  n o  i n t e r f e r e n c e  fro m  o t h e r  e q u i l i b r i a ,  s i n c e  th e y  w o u ld  b e  
d e p e n d e n t  on t h e  c o n c e n t r a t i o n  o f  t h e  s u b s t r a t e s  (DME a n d  1 3 ) .
From  t h e  p r e v i o u s l y  a n a ly z e d  s y s te m s ,  g r e a t  c o n f id e n c e  i s  g iv e n  
t o  t h e  c o m p e t i t i v e  s y s te m  t e c h n i q u e .  B e s i d e s ,  i f  K -  8000  M ^ i s  a  
c l o s e r  v a lu e  f o r  t h e  a d d u c t  f o r m a t io n  Eu(dpm ) • 1 3 ,  t h e  m e th o d  u s e d  
p r e v i o u s l y  f o r  t h e  d e t e r m i n a t i o n  o f  e q u i l i b r i u m  c o n s t a n t s  w o u ld  n o t  
b e  v a l i d  w i t h  t h i s  s u b s t r a t e ,  s i n c e  i t  i s  b a s e d  o n  an  a p p r o x im a te  f o r ­
m u la  a s s u m in g  t h a t  t h e  c o n c e n t r a t i o n  o f  t h e  a d d u c t  i s  low  co m p ared  t o  
t h e  c o n c e n t r a t i o n  o f  t h e  o t h e r  s p e c i e s  i n  s o l u t i o n .
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TABLE 46
n -P ro p y la m in e  a n d  DME i n  C o m p e t i t io n  f o r  E u (d p m )^
6 i n  DME ( i n  ppm) 6 i n  n - p r o p y la m in e  ( i n  ppm)
M ix in g  P r o c e d u r e
< * 2 CH3 ^ 3 £ « 2 CH3 CH2 Nh 2
4 .8 5 3 .8 8 6 . 0 0 1 0 .5 3 1 7 .6 5
5 .2 8 4 .0 4 6 .3 4 1 1 .0 9 1 8 .7 2
5 .6 4 4 .1 6 6 .5 3 1 1 .4 0 1 9 .2 3
0 .1 5  M DME a d d e d  t o 5 .8 5 4 .2 4 6 .6 0 1 1 .5 4 1 9 .4 7
0 .1 5  M n -p r o p y la m in e 6 .3 9 4 .4 5 6 .7 7 1 1 .8 3 1 9 .9 5
6 .8 0 4 .5 9 6 . 8 6 1 2 . 0 1 2 0 .2 5
7 .3 4 4 .7 9 6 .9 6 1 2 .1 6 2 0 .4 9
8 .1 7 5 .0 9 7 .0 7 1 2 .3 4 2 0 .7 8
5 .1 4 3 .9 8 6 .2 5 1 0 .9 3 1 8 .4 4
0 .1 5  M n - p r o p y la m in e 6 . 1 1 4 .3 6 6 .7 5 1 1 .8 0 1 9 .9 1
a d d e d  t o  0 .1 5  M DME 7 .6 5 4 .9 2 7 .1 5 1 2 .5 1 2 1 . 1 1
9 .6 5 5 .6 5 7 .4 3 1 3 .0 3 2 2 . 0 1





























♦ 0.15 P DPE ADDED 70 0.1S J1 API PE tP - O.B) 
. 0.15 P APIPE ADDED TO 0.15 P DPE fP - O.0J
0 . ?  1.0 1.3 1.6 1.9 2.8
I D . / (5 -  Sf r e x ) r0R  P-PPOPYLAPIPE
F ig u r e  23 -  1 /6  (DME) v s . 1 /6  (n - P ro p y la m in e )  i n  t h e  P r e s e n c e  
o f  E u (d p m )3 .
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TABLE 47
L e a s t - s q u a r e F i t  t o  1 /6 v s .  1 /6  f o r  n - P ro p y la m in e  a n d  DME i n  t h e P r e s e n c e
o f  Exi(dpm) y
CH.2  i n  DME v s • CH 2  i n  DME v s .
<*3 CH2 c h 3 — 2 “NH2 <*3 CH2CH3 CT2 Nh 2
i n n - p r o p y la m in e i n n -p r o p y la m in e
S lo p e 1 4 .7 3 2 6 .5 6 4 2 .8 8 3 9 .7 8 7 1 .7 5 1 1 5 .8 3
a  , s l o p e 0 .6 3 1 .2 8
2 . 1 0 1 .6 4 3 .3 3 5 .5 4
I n t e r c e p t - 2 . 1 4 - 2 . 1 9 - 2 . 1 1 - 5 . 7 9 - 5 . 9 1 - 5 . 6 9
CTi n t e r c .
0 . 1 1 0 .1 3 0 . 1 2 0 .2 8 0 .3 3 0 .3 2
C o r r .  C o e f f . 0 .9 9 1 1 0 .9 8 8 5 0 .9 8 8 2 0 .9 9 1 6 0 .9 8 9 3 0 .9 8 8 8
*13 8 2 9 1 . 8 4 8 1 . 8 1 7 7 .
8 3 5 2 . 8 5 2 2 . 8 2 1 1 .
a K 7 3 2 .
8 1 5 . 7 6 5 . 6 5 0 . 7 2 6 . 7 0 3 .
A 6 .7 5 1 1 .9 0 1 9 .9 2 6 .7 4 1 1 .9 1 1 9 .9 5
a A 0 .1 5 0 .2 4
0 .4 7 0 .2 6 0 .4 4 0 .7 6
A v e ra g e v a l u e s  f o r 13 -  Eu(dpm ) 3
K13
rs 8300 . M"1 (±300
V ,
a 6 . 8  ppm (± 0 .1 )
ASj!C H 3
a 1 1 .9  ppm (±0 .2 )
4 2 y » 2
a 1 9 .9  ppm (± 0 .4 )
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n-Propylamine (13) and DME in Competition for Eu(fod)^
The f i n a l  s y s te m  a n a ly z e d  b e a r s  t h e  t i t l e  o f  t h i s  s e c t i o n .
T a b le s  48 a n d  49 r e p r e s e n t  e x p e r i m e n t a l  d a t a  a n d  r e s u l t s  r e s p e c t i v e l y ,  
a n d  F ig u r e  24  i s  a  g r a p h i c a l  e x a m p le  f o r  1 /6  v s .  1 /6  t y p e  o f  p l o t s .
No p r e c e d e n t  f o r  t h e  1 :1  a n d  2 : 1  a d d u c ts  f o r m a t io n  a n a l y s i s  w as 
fo u n d  i n  t h e  l i t e r a t u r e  f o r  an  a l i p h a t i c  am in e  an d  E u ( f o d ) ^ .  T he mag­
n i t u d e  o f  t h e  e q u i l i b r i u m  c o n s t a n t s  d e te r m in e d  i n  t h e  p r e s e n t  w o rk , a r e  
r e a s o n a b l e  when c o m p ared  w i t h  t h e  r e s u l t s  fro m  t h e  o t h e r  s u b s t r a t e s ,  
w h ic h  a r e  g e n e r a l l y  b o u n d  t o  t h e  s h i f t  r e a g e n t  i n  a  l e s s e r  e x t e n t  t h a n  
a m in e s .
I n  p r e v i o u s  d e t e r m i n a t i o n s ,  a n d  when n e c e s s a r y ,  c o r r e c t i o n  f o r  
t h e  v o lum e c h a n g e  o f  t h e  s o l u t i o n  c a u s e d  b y  t h e  i n t r o d u c t i o n  o f  t h e  
s h i f t  r e a g e n t  w as a c h ie v e d  b y  m e a s u r in g  t h e  s o l u t i o n s  h e i g h t  i n  a  
p r e v i o u s l y  c a l i b r a t e d  nm r t u b e .  I t  w as n o t e d ,  h o w e v e r ,  t h a t  f o r  t h e  
a n a l y s i s  o f  e q u a t i o n  3 9 ,  h ig h  p r e c i s i o n  i s  r e q u i r e d ,  a n d  c o r r e c t i o n  
f o r  t h e  v o lu m e c h a n g e  w as p e r f o r m e d  i n  t h i s  l a s t  s y s te m  b y  a  d i f f e r e n t  
m e th o d  ( d e s c r i b e d  i n  t h e  E x p e r im e n ta l  s e c t i o n ) .
Com ments on  t h e  C o m p e t i t iv e  M eth o d s
I n  a  f i n a l  o v e r a l l  r e v ie w  o f  t h e  c o m p e t i t i v e  m e th o d , i t  seem s 
a p p r o p r i a t e  t o  make a  few  r e m a r k s .
T he c o n v e n ie n c e  o f  t h e  m e th o d  w as a l r e a d y  e x p r e s s e d  i n  t h e  
p r e v i o u s  s e c t i o n ,  when t h e  c o m p e t i t i v e  t e c h n i q u e  w as i n t r o d u c e d .
Coup a r e d  w i t h  o t h e r  m e th o d s ,  v e r y  few  in c o n v e n ie n c e s  a r e  f o u n d ,  
e s p e c i a l l y  s i n c e  i n  m o s t o f  t h e  c a s e s ,  s u c h  in c o n v e n ie n c e s  s t i l l  
r e p r e s e n t  an  im p ro v e m e n t.
The e r r o r s  c a l c u l a t e d  fro m  s t a n d a r d  p r o c e d u r e s  ( g iv e n  i n  A p p e n d ix  2)
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TABLE 48
n ^ P ro p y la m in e  a n d  DME i n  C o m p e t i t io n  f o r  E u ( f o d ) ^ .
C o n c e n t r a t i o n s  6  i n  DME ( i n  ppm) 6  i n  n - p r o p y la m in e  ( i n  ppm)
DME
n - p r o p y l ­
am in e CH2 <*3
c h 3 r a 2 CH3 CHjjNH,
0 .0 3 4 1 0 .1 0 7 4 3 .6 8 3 .4 6 2 .7 9 4 .7 4 7 .7 7
0 .0 4 1 7 0 .1 0 0 7 3 .8 1 3 .5 3 3 .2 5 5 .5 6 9 .0 4
0 .0 5 3 6 0 .0 9 0 3 4 .4 2 3 .8 5 3 .9 6 6 .8 3 1 1 . 0 1
0 .0 6 2 5 0 .0 8 2 4 5 .4 9 4 .3 9 4 .3 2 7 .4 5 1 1 .9 7
0 .0 5 9 0 0 .0 7 2 6 9 .6 4 6 .5 0 4 .6 4 8 . 0 2 1 2 .8 0
0 .0 6 5 2 0 .6 5 8 1 1 .3 4 7 .3 7 4 .6 7 8 .0 4 1 2 .8 2
0 .0 7 2 8 0 .0 5 7 5 1 3 .1 4 8 .  30 4 .6 0 7 .9 7 1 2 .6 0
0 .0 8 2 3 0 .0 4 7 0 1 5 .1 2 9 .3 1 4 .4 8 7 .7 4 1 2 .1 5
0 .0 9 4 8 0 .0 3 3 3 1 7 .1 3 1 0 .1 9 4 .1 5 7 .2 0 1 0 .9 1
0 .1 1 1 8 0 .0 1 4 7 1 9 .9 6 1 1 .6 9 3 .5 5 6 .1 3 9 .1 2
0 .1 2 2 3 0 .0 2 9 0 5 .0 2 4 .1 6 3 .5 2 6 .0 4 9 .6 9
0 .1 1 4 7 0 .0 3 5 4 5 .3 4 4 .3 2 3 .7 3 6 .4 2 1 0 .3 0
0 .1 0 2 8 0 .0 4 5 5 5 .8 7 4 .5 9 4 .0 0 6 .9 0 1 0 .9 9
0 .0 9 3 9 0 .0 5 3 1 6 .3 0 4 .8 1 4 .1 5 7 .1 6 1 1 .4 1
0 .0 7 5 7 0 .0 6 8 7 7 .3 3 5 .3 4 4 .4 6 7 .7 2 1 2 .2 9
0 .0 6 7 9 0 .0 7 5 2 7 .9 0 5 .6 5 4 .5 5 7 .9 0 1 2 .5 8
0 .0 5 8 7 0 .0 8 3 0 8 .8 4 6 . 1 0 4 .6 4 8 .0 4 1 2 .8 0
0 .0 4 7 3 0 .0 9 2 6 1 0 .2 4 6 .8 3 4 .7 5 8 .2 4 1 3 .1 0
0 .0 3 2 9 0 .1 0 4 8 1 3 .0 4 8 .2 6 4 .8 9 8 .4 8 1 3 .4 6
f r e e  s h i f t s : 3 .5 4 3 .3 9 0 .9 1 1 .4 6 2 .6 7
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TABLE 49
n -P ro p y la m in e  -  DME -  E u ( fo d )  3  A n a ly s i s .
CH2  i n  DME v s .  CH3  i n  DME v s .
O i 3 s y * 3 s a 2 N H 2 CH3 c h 2 c h 3 c h 2 n h 2
i n  n - p r o p y la m in e i n n - p r o p y la m in e
S i
3 8 4 8 . 3 8 3 2 . 4 1 3 3 . 3 7 9 2 . 3 7 6 8 . 4 0 9 7 .
a 1 7 0 . 4 0 2 . 1 1 4 4 . 2 8 9 . 5 9 1 . 1 4 7 8 .
*82
2 5 6 . 2 5 1 . 2 2 1 . 2 6 5 . 2 6 1 . 2 2 6 .
or 3 5 . 5 5 . 1 0 6 . 4 8 . 7 6 . 1 3 7 .
Ab i 2 .5 0 4 .4 3 6 .0 5 2 .5 1
4 .4 5 6 .0 9
a 0 .0 7 0 .1 9 0 .7 3 0 .0 9 0 .2 4 0 . 8 8
B2
4 .6 2 1 8 .1 5 1 2 .8 9 4 .5 8 8 .0 9 1 2 .8 1
0 0 .0 6 0 .1 7 0 .7 3 0 .0 8 0 . 2 2 0 .9 2
A v e ra g e  v a l u e s  f o r  JL3 -  E u ( fo d )  3
»  3 8 0 0 . m" 1  (± 1 0 0 .)
K^ 2  »  2 6 0 . M’ 1  (± 2 0 .)
CH3  ( i n  ppm) CH2 CH3  ( i n  ppm) CH2 N H 2  i^ n
A ,  -  2 .5 0  ± 0 .0 6  4 . 4  ± 0 . 1  6 . 1  ± 0 . 6B l
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Figure 24 - 1/6 (DME) vs. 1/6 (n-Propylamine) in the Presence
of Eu (fod)
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f o r  t h e  c a s e  o f  a  1 : 1  a d d u c t  f o r m a t io n  a r e  i n  t h e  o r d e r  o f  10% f o r  a l l
t h e  s u b s t r a t e s  c h o s e n  i n  t h i s  s t u d y .  I t  i s  t r u e  t h a t  t h i s  i s  a l s o  t h e  
4 7p r e c i s i o n  r e p o r t e d  f o r  L q  v s .  1 / 6  p l o t s ,  b u t  t h e  p r e s e n c e  o f  o t h e r  
e q u i l i b r i a  a r e  n o t  e a s i l y  d e t e c t e d  f o r  s u c h  c a s e s ,  s o m e tim e s  i n t r o d u c i n g  
g r e a t  e r r o r s  i n  t h e  a c c u r a c y .  I t  i s  a p p a r e n t  t h a t  s t u d y  o f  s u c h  e q u i ­
l i b r i a  i s  n e c e s s a r y  i n  o r d e r  t o  im p ro v e  t h e  d e t e r m in a t i o n  o f  K a n d  A * s .
F u r th e r m o r e ,  s p e c i a l  a t t e n t i o n  m u s t b e  d i r e c t e d  t o  t h e  c o n c e n t r a ­
t i o n  o f  t h e  s u b s t r a t e s  i f  a d d u c ts  o f  d i f f e r e n t  s t o i c h i o m e t r y  a r e  fo rm e d , 
a n d  an y  e f f o r t  i n  t h i s  d i r e c t i o n  w i l l  b e  c o m p e n s a te d  b y  a  h i g h e r  p r e c i s i o n .  
T h is  a l s o  r e q u i r e s  t h e  p u r i f i c a t i o n  o f  t h e  s u b s t r a t e s ,  b u t  i m p u r i t i e s  i n  
t h e  s h i f t  r e a g e n t  a r e  i r r e l e v a n t  s i n c e  a t  t h i s  p o i n t  t h e r e  i s  n o  n e e d  t o  
know t h e  c o n c e n t r a t i o n  o f  t h i s  s p e c i e s .  H o w ev er, o n e  c o m p l i c a t io n  c a n  
a r i s e ,  t h a t  i s  t h e  c o m p e t i t i v e  s y s te m  a n a l y s i s  i s  b a s e d  on t h e  a s s u m p t io n  
t h a t  s h i f t s  i n  a  g iv e n  s u b s t r a t e  a r e  p r o d u c e d  b y  f o r m a t io n  o f  1 :1  a n d  2 : 1  
a d d u c t s  f o r  B ( e q u a t io n  3 9 ) .  I f  s p e c i e s  s u c h  a s  E u ( f o d ) 3*DME*B o r  E u ( f o d )^
7
B * Im p u r i ty  a r e  p r e s e n t  , t h e y  w o u ld  l e a d  t o  e r r o n e o u s  c o n c l u s i o n s .  F u r t h e r  
i n v e s t i g a t i o n  i s  r e q u i r e d  t o  d e te r m in e  t h e  im p o r ta n c e  o f  s u c h  f a c t o r s ,  
e s p e c i a l l y  w hen E u ( f o d ) 3  i s  u s e d  a s  t h e  s h i f t  r e a g e n t .
The u s e  o f  tw o  r e f e r e n c e s  f o r  t h e  pm r s p e c t r a  a r e  recom m ended  
(CHC13 a n d  TMS w e re  u s e d  i n  t h e  p r e s e n t  w o rk ) s i n c e  a  ch a n g e  i n  t h e  
b u lk  m a g n e t ic  s u s c e p t i b i l i t y  i s  p ro d u c e d  b y  t h e  p r e s e n c e  o f  t h e  s h i f t  
r e a g e n t  i n  s o l u t i o n .  C o r r e c t i o n s  ca n  b e  e a s i l y  p e r fo rm e d  i f  tw o  
r e f e r e n c e s  a r e  u s e d  a n d  w i l l  b e  p r o p o r t i o n a l  t o  t h e  d e v i a t i o n  i n  t h e  
s e p a r a t i o n  o f  t h e  tw o  r e f e r e n c e  s i g n a l s  i n  t h e  p r e s e n c e  a n d  a b s e n c e  
o f  t h e  s h i f t  r e a g e n t .
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CONCLUSIONS
Complex Formation Shifts (CFS)
The s h i f t s  in d u c e d  b y  L a (d p m )3 (c o m p le x  f o r m a t io n  s h i f t s ,  CFS) 
i n  a  s e r i e s  o f  s u b s t r a t e s  a r e  g e n e r a l l y  s m a l l  a n d  c o u ld  b e  i g n o r e d  i n  
m any c a s e s .  The p r o p a g a t i o n  th r o u g h  a  s a t u r a t e d  c h a in  i n  t h e  s u b s t r a t e s  
i s  l i m i t e d  t o  2 b o n d s ,  b u t  i n  t h e  p r e s e n c e  o f  it b o n d s ,  t h e  i n f l u e n c e  
c a n  b e  e x te n d e d  t o  t h e  f o u r t h  a to m  i n  t h e  m o l e c u l e ,  a s  i s  t h e  c a s e  i n  
p y r i d i n e .
C h an g es  i n  c o u p l in g  c o n s t a n t s  b y  a d d u c t  f o r m a t io n  w e re  o b s e r v e d  
61  8 0 —85b y  o t h e r  a u t h o r s  '  ,  a n d  s e v e r a l  m ech a n ism s  h a d  b e e n  p r o p o s e d .  I n
t h e  p r e s e n t  w o rk , a n d  p a r t i c u l a r l y  f o r  t h e  c a s e  c a m p h o r-L a (d p m )3 , s u c h
m ech a n ism s  c a n  b e  l i m i t e d  t o  tw o  p o s s i b i l i t i e s :  s u b s t i t u e n t  e f f e c t s
a n d  c o n f o r m a t io n a l  c h a n g e s .
E ven  i f  CFS f o r  L a (d p m )3 a r e  s m a l l ,  t h e y  s h o u ld  b e  c h e c k e d  f o r
o t h e r  s h i f t  r e a g e n t s .  The c o r r e s p o n d in g  s h i f t s  in d u c e d  b y  L a ( f o d ) 3
23h a v e  b e e n  show n b y  T o r i  e t  a l .  t o  b e  s i g n i f i c a n t ,  a n d  a r e  o b v io u s ly  
d u e  t o  t h e  d i f f e r e n t  (m ore e l e c t r o n e g a t i v e )  l i g a n d  f o d .
C o r r e l a t i o n  B etw een  S t r u c t u r e  an d  L IS
The im p o r ta n c e  o f  b o t h  r e l i a b l e  L IS  a n d  a c c u r a t e  s t r u c t u r e  
i s  i l l u s t r a t e d  i n  s e v e r a l  s e c t i o n s .  The L IS  f o r  t h e  p r o t o n s  i n  b o r n e o l ,  
u s i n g  E u (d p m )3 a s  t h e  s h i f t  r e a g e n t ,  w e re  d e te r m in e d  b y  tw o  d i f f e r e n t  
m e th o d s .  S t r u c t u r a l  p a r a m e t e r s  w e re  d e r i v e d  fro m  X -ra y  a n a l y s i s  o f  
s i m i l a r  m o le c u le s .
T he p r e s e n t  a n a l y s i s  s u g g e s t s  t h a t  t h e  M cC o n n e ll d e r i v a t i o n  
( e q u a t i o n  10) p r e d i c t s  t h e  o b s e r v e d  LIS  t o  a  s a t i s f a c t o r y  d e g r e e  o f
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a p p r o x im a t io n ,  w i t h o u t  t h e  n e e d  t o  c o n s i d e r  o t h e r  f a c t o r s  s u c h  a s  lo w e r  
sy m m e try , n o n - c o l i n e a r i t y  o f  l n - 0  v e c t o r  a n d  m a g n e t i c  a x i s ,  a n d  a v e r a g in g  
o f  t h e  m e th y l  g r o u p s  fro m  in d e p e n d e n t  c o o r d i n a t e s  f o r  e a c h  p r o t o n .
The q u a l i t y  o f  t h e  c o r r e l a t i o n  w as fo u n d  t o  b e  q u i t e  d e p e n d e n t  
on t h e  s t r u c t u r a l  p a r a m e t e r s .  S u ch  p a r a m e t e r s  o b t a i n e d  fro m  X -ra y  
a n a l y s i s  o f  r e l a t e d  com pounds o r  f ro m  m o l e c u l a r  m o d e ls  g a v e  w id e ly  
v a r y in g  r e s u l t s .  T he u s e  o f  s e v e r a l  s i m i l a r  m o d e ls  i s  reco m m en d ed , 
s o  a  c o m p a r iso n  am ong t h e  r e s u l t s  fro m  e a c h  i s  p o s s i b l e  a n d  t h e  s e l e c t i o n  
o f  t h e  b e s t  r e p r e s e n t a t i o n  o f  t h e s e  s t r u c t u r a l  p a r a m e t e r s  c a n  b e  p e r ­
fo rm e d  b y  e i t h e r  t h e  u s e  o f  H a m ilto n  t a b l e s  a n d / o r  t h e  p h y s i c a l  m e a n in g  
o f  b o n d  d i s t a n c e s  a n d  a n g l e s  a t  c o n v e rg e n c e .
I t  h a s  a l s o  b e e n  show n t h a t  CFS d o e s  n o t  i n f l u e n c e  s i g n i f i c a n t l y  
t h e  c o r r e l a t i o n  a n a l y s i s ,  s i n c e  f o r  t h e  c a s e  o f  a  s t r u c t u r a l  m o d e l ( n o t  
d e r i v e d  fro m  X - ra y  o f  t h e  a d d u c t s ) ,  t h e  u n c e r t a i n t i e s  i n  t h e  c o o r d i n a t e s  
o f  e a c h  a to m  o v erco m e  t h e  e r r o r s  i n t r o d u c e d  b y  t h e  CFS.
I t  i s  u n d e r s to o d  t h a t  a  m ore c o m p le te  a n a l y s i s  s h o u ld  i n c l u d e  
a l s o  c o m b in a t io n s  o f  t h e  s e v e r a l  f a c t o r s  i n d e p e n d e n t ly  a n a ly z e d  i n  
t h e  p r e s e n t  w o rk . T h i s  w o u ld  r e q u i r e  t h e  o p t i m i z a t i o n  o f  a  c o n s i d e r a b l y  
h i g h e r  n u m b er o f  p a r a m e t e r s ,  w h ic h  i s  l i m i t e d  b y  t h e  n u m b er o f  o b s e r v a t i o n s .
E q u i l i b r iu m  A n a ly s i s
The l a s t  s t u d y  c o n c e r n s  w i t h  t h e  e q u i l i b r i u m  a n a l y s i s  f o r  t h e  
a d d u c t  f o r m a t io n  b e tw e e n  a  s u b s t r a t e  a n d  a  s h i f t  r e a g e n t .  T he com­
p e t i t i o n  m e th o d  i s  show n t o  p r o v i d e  a  c o n v e n ie n t  p a th w a y  t o  u n e q u i v o c a l ly  
e s t a b l i s h i n g  t h e  s t o i c h i o m e t r y  o f  t h e  a d d u c t s .
F o r  t h e  1 :1  a d d u c t s ,  t h e  m e th o d  i s  a p p a r e n t l y  m o s t  e f f e c t i v e  i f  
t h e  tw o  e q u i l i b r i u m  c o n s t a n t s  i n v o l v e d  a r e  s i m i l a r  i n  m a g n i tu d e .  F o r  
e x a m p le ,  i n  t h e  c a s e  o f  n -p rq p y la m in e /D M E  s y s te m  i n  t h e  p r e s e n c e  o f
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Gu(dpnt) 2 # t h e  r e l a t i v e l y  s m a l l  e q u i l i b r i u m  c o n s t a n t  f o r  DME«Eu(dpm>3 
f o r m a t io n  (c o m p a red  t o  t h e  n - p r o p y la m i n e ) , m ak es t h e  e t h e r  a  p o o r  com­
p e t i t o r  i n  t h e  p r e s e n c e  o f  t h e  a m in e . As a  c o n s e q u e n c e ,  t h e  r a n g e  o f  
o b s e r v e d  c h e m ic a l  s h i f t s  f o r  n -p r q p y la m in e  i s  r e l a t i v e l y  s m a l l .  The
e x t r a p o l a t i o n  t o  1 /6  , . = 0 .  i s  t h e r e f o r e  v e r y  l a r g e  ( s i n c e'  n -p r o p y la m in e
n e g a t i v e  v a l u e s  o f  1 /6  h a v e  n o  p h y s i c a l  m e a n in g  a n d  s o  c a n n o t  b e  
e x p e r i m e n t a l l y  e v a l u a t e d ) .  On t h e  o t h e r  h a n d ,  when t h e  e q u i l i b r i u m  
c o n s t a n t  f o r  t h e  r e f e r e n c e  i s  l a r g e r  t h a n  t h e  o n e  o f  t h e  c o m p e tin g  
s u b s t r a t e  (a s  i n  t h e  c a s e  o f  2 - b u t a n o n e ) , t h e  e x t r a p o l a t e d  v a l u e  (b) 
t im e s  A i s  v e r y  c l o s e  t o  1 . S in c e  t h e  r a t i o  o f  t h e  e q u i l i b r i u m  c o n s t a n t s
A
i s  g iv e n  b y  1-bA  ( s e e  A p p e n d ix  2 ) ,  h ig h  p r e c i s i o n  a n d  a c c u r a c y  a r eA
r e q u i r e d  i n  b o t h ,  b  a n d  A ,  i n  o r d e r  t o  r e d u c e  t h e  s t a n d a r d  d e v i a t i o n
A
in the equilibrium constant and A of the competing substrate.
F o r  t h e  2 :1  a d d u c t s ,  t h e  c o m p e t i t i v e  a n a l y s i s  f o r  t h e  d e t e r m in a ­
t i o n  o f  K 's  a n d  A's  a r e  h i g h l y  s e n s i t i v e  t o  t h e  p r e c i s i o n  w i t h  w h ic h  
th e  c o n c e n t r a t i o n s  a r e  d e t e r m in a t e d .  N e v e r t h e l e s s ,  t h e  p r o c e d u r e  t h a t  
i n v o l v e s  low  c o n c e n t r a t i o n s  i n  t h e  s u b s t r a t e s  a n d  h i g h  v a l u e s  o f  p 
a p p e a r s  t o  b e  v e r y  c o n v e n ie n t ,  s i n c e  a  w id e  r a n g e  i n  t h e  t o t a l  p ,  a n d  
t h e r e f o r e  i n  t h e  o b s e r v e d  c h e m ic a l  s h i f t s ,  i s  o b t a i n e d .
As a  g e n e r a l  c o n c l u s i o n ,  E u (d p m )3 w i l l  fo rm  m a in ly  1 :1  a d d u c ts  
w i th  a l i p h a t i c  L ew is  b a s e s ,  w h i l e  E u ( f o d ) 3 w i l l  p r e f e r  a  c o o r d i n a t i o n  
n u m b er 8 . I n  r e l a t i o n  t o  p r e v io u s  w o rk s ,  w h e re  f l u o r i n a t e d  s h i f t  r e a g e n t s  
w e re  u s e d  t o  o b t a i n  c h e m ic a l  s h i f t s  f o r  s t r u c t u r a l  c o r r e l a t i o n  p u r p o s e s ,  
i t  i s  n o t e d  t h a t  t h e  A's f o r  t h e  1 :1  a n d  2 : 1  a d d u c t s  a r e  i n  a  r a t i o  t h a t  
i s  c l o s e l y  c o n s t a n t  f o r  a l l  t h e  p r o t o n s  i n  t h e  sam e m o le c u le .  S in c e  C 





t h e  a lm o s t  c o n s t a n t  r a t i o  f o r  t h e  tw o  t y p e s  o f  a d d u c ts  j u s t i f i e s  
t h e  r e l a t i v e l y  g o o d  a g r e e m e n ts  o b t a i n e d  u s i n g  t h e s e  d a t a .
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EXPERIMENTAL
G e n e r a l
A l l  pm r s p e c t r a  w e re  r e c o r d e d  i n  a  JOEL JNH-MH-100 o r  V a r ia n
A -6 0  s p e c t r o p h o to m e te r s .  U n le s s  o t h e r w is e  s t a t e d ,  a l l  c h e m ic a l  s h i f t s
a r e  r e p o r t e d  i n  ppm fro m  TMS, w i t h  a  p r e c i s i o n  o f  ± 0 .0 2  ppm . When
c a l i b r a t i o n  w i th  a  s e c o n d  r e f e r e n c e  w as n e c e s s a r y ,  t h e  CHCl^ s i g n a l s
9
w e re  u s e d  f o r  t h i s  p u r p o s e  w i t h  a  d i s p l a c e m e n t  f rc m  TMS o f  7 .2 7  ppm .
T he t e m p e r a t u r e  o f  t h e  p r o b e  w as d e te r m in e d  fro m  t h e  s e p a r a t i o n  o f  
t h e  s i g n a l s  i n  a  MeOH s a m p le  t o  b e  3 6 .5 ° .
A l l  m a t e r i a l s  w e re  c o m m e r c ia l ly  a v a i l a b l e ,  u n l e s s  o th e r w is e  
s p e c i f i e d .
An IBM 3 6 0 -5 0  d i g i t a l  c o m p u te r  w as u s e d  f o r  t h e  c o m p u ta t io n a l
w o rk .
P r e p a r a t i o n  o f  N o p o l T o s y l a t e
99T he g e n e r a l  p r o c e d u r e  d e s c r i b e d  i n  O rg . S y n th e s e s  w as f o l l o w e d .  
N o p o l ( 3 .9  g ) a n d  p y r i d i n e  (7 .0 5  g ) w e re  m ix e d  i n  a  f l a s k  p r o v i d e d  w i th  
a  m a g n e t ic  s t i r r e r  a n d  s u r r o u n d e d  b y  a n  i c e  b a t h .  £ - T o l u e n e s u l f o n y l  
c h l o r i d e  ( 4 .9  g ) was a d d e d  a t  s u c h  a  r a t e  t o  k e e p  t h e  t e n p e r a t u r e  b e lo w  
1 0 ° .  T he m ix tu r e  w as s t i r r e d  f o r  f o u r  h o u r s  a t  t h e  sam e t e m p e r a t u r e ,  
d u r i n g  w h ic h  t im e  a  s e c o n d  l a y e r  f o r m s .  The e x c e s s  o f  ] 3 - to l u e n e s u l f o n y l  
c h l o r i d e  w as h y d r o ly z e d  w i t h  1 3 .9  m l o f  c o n c d  HCl d i l u t e d  w i t h  46 m l o f  
i c e d  w a t e r .  E t h e r  w as a d d e d  a n d  t h e  e t h e r e a l  s o l u t i o n  s e p a r a t e d ,  d r i e d  
(C aC l2 > , f i l t e r e d ,  a n d  e v a p o r a t e d  t o  g i v e  6 .2  g  o f  p r o d u c t  a s  an  o i l  
(8 2 .5 % ): pm r (CC14 )6  7 .3  (m ,4) , 4 .9 5  ( s , l ) ,  3 .8 2  ( t ,  2 ,  0 ^ 0 ) ,  2 .1 3  
( s ,  3 ,  CH3- A r ) ,  *  2 (m, 7 ) ,  1 .8 3  (m, 1 ) ,  0 .9 8  ( s ,  3 ,  CH^- t r a n s ) , 0 .5  
( s ,  3 ,  C H ^ -c is ) .
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Reduction of 2-Phenylbutyric Acid
The t e c h n i q u e  o f  B i r t w i s t l e * -00 w as u s e d  f o r  t h e  r e d u c t i o n  w i th  
L iA lH ^ . To a  s u s p e n s io n  o f  L iA lH ^ ( 1 .5 6  g ) i n  e t h e r  (30  m l ) ,  p r e v i o u s l y  
d r i e d  o v e r  so d iu m  w i r e ,  a  s o l u t i o n  o f  2 - p h e n y l b u t y r i c  a c i d  (5 g ) i n  e t h e r  
w as a d d e d  d r o p w is e ,  a t  a  r a t e  s u f f i c i e n t  t o  m a i n t a i n  a  g e n t l e  r e f l u x .
The s u s p e n s io n  w as s t i r r e d  f o r  an  a d d i t i o n a l  f o u r  h o u r s  a n d  t h e  e x c e s s  
o f  L iA lH ^ d e s t r o y e d  b y  t h e  a d d i t i o n  o f  w a t e r .  T he s u s p e n s io n  w as f i l ­
t e r e d  a n d  t h e  e t h e r  e v a p o r a t e d  t o  y i e l d  3 .2  g  o f  2 - p h e n y lb u t a n o l .  The 
w h i te  s l u r r y  f ro m  t h e  f i l t r a t i o n  w as d i s s o l v e d  i n  d i l u t e  HCl a n d  e x t r a c ­
t e d  w i t h  e t h e r .  A f t e r  d r y i n g  (MgSO^), f i l t e r i n g ,  a n d  e v a p o r a t i n g  th e  
s o l v e n t ,  a n  a d d i t i o n a l  1 g  o f  t h e  a l c o h o l  w as o b t a i n e d  (92% ): pm r ( n e a t )
6 6 .8 4  ( s ,  5 ,  a r o m a t i c ) ,  3 .8 9  ( b r o a d ,  1 ,  OH ), 3 .3 0  ( d ,  2 ,  CH20 H ), 2 .8  (m, 
1 ,  C H ), 1 .3 5  (m, 2 ,  CH2 CH3 ) ,  0 .4 5  ( t ,  3 ,  CH3 ) .
P r e p a r a t i o n  o f  2 - P h e n y l b u t y l  T o s y l a t e
T he sam e p r o c e d u r e  u s e d  t o  p r e p a r e  n o p o l  t o s y l a t e  w as f o l lo w e d  
w i t h  a  t o t a l  y i e l d  o f  92%. The 2 - p h e n y lb u t y l  t o s y l a t e  w as r e c r y s t a l ­
l i z e d  fro m  m e th a n o l  a s  w h i t e  n e e d l e s :  mp 4 4 - 4 4 . 5 ° ,  ( l i t . * -0*- mp 3 5 - 4 1 ° ) .
P r e p a r a t i o n  o f  2 - P h e n y l b u t y l  I o d id e
T he g e n e r a l  p r e p a r a t i o n  o f  t h e  i o d i d e  fro m  t h e  c o r r e s p o n d in g
102a l c o h o l  d e s c r i b e d  i n  O rg . S y n th e s e s  w as f o l l o w e d .  2 - P h e n y lb u ta n o l  
(6 g ) w as m ix e d  w i t h  t r i p h e n y l  p h o s p h i t e  ( 1 1 .5  m l) a n d  m e th y l  i o d i d e  
( 3 .5  m l ) .  T he s o l u t i o n  w as r e f l u x e d  i n  a  f l a s k  p r o v i d e d  w i th  a  c o n ­
d e n s e r  a n d  a  c a lc iu m  c h l o r i d e  d r y in g  t u b e .  The i n i t i a l  r e f l u x  tem ­
p e r a t u r e  o f  7 5 -8 0 °  r o s e  a f t e r  a  few  h o u r s  t o  1 3 5 ° .  A f t e r  c o o l i n g  
o v e r n i g h t ,  t h e  r e a c t i o n  m ix tu r e  w as d i s t i l l e d  u n d e r  r e d u c e d  p r e s s u r e ,  
a n d  t h e  f r a c t i o n  b o i l i n g  b e lo w  115° ( 1 .5  mm) c o l l e c t e d .  The d i s t i l l a t e
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w as d i l u t e d  w i t h  e t h e r ,  w a sh e d  w i t h  t h r e e  p o r t i o n s  o f  1 N NaOH f o l lo w e d  
b y  w a t e r .  The e t h e r  l a y e r  w as d r i e d  (C aC l^) a n d  d i s t i l l e d .  T he 2 - p h e n y l ­
b u t y l  i o d i d e  w as c o l l e c t e d  a t  7 4 -8 0 °  (4  nan) ( 5 .1  g ,  5 1 .5 % ): pm r (C C l^) 6 
6 .8 5  (m, 5 ,  a r o m a t i c ) ,  3 .0 0  ( d ,  2 ,  C I ^ I ) ,  2 .4 8  (m, 1 ,  C H ), 1 .5 0  (m, 2 ,  
CH2CH3) ,  0 .5 0  ( t ,  3 ,  CH3) .
A tte m p te d  A l k y l a t i o n  u n d e r  B a s i c  C o n d i t io n s
103The c o n d i t i o n s  w e re  s i m i l a r  t o  t h e  o n e s  d e s c r i b e d  i n  O rg . S y n th e s e s  
A n a l y t i c a l  r e a g e n t  g r a d e  a c e to n e  w as u s e d  a s  t h e  s o l v e n t  a n d  p o ta s s iu m  
c a r b o n a te  w as d r i e d  a t  1 0 0 °  o v e r n i g h t .  2 - P h e n y lb u ty l  t o s y l a t e  ( 5 .5  g)
( o r  6 . 3  g  o f  n o p o l  t o s y l a t e )  w as d i s s o l v e d  i n  a c e to n e  (10 m l) a n d  r e d i s ­
t i l l e d  a c e t y l a c e t o n e  ( 1 .5  g ) a n d  p o ta s s iu m  c a r b o n a te  ( 2 .1  g ) a d d e d .  A 
w h i t e  s o l i d  p r e c i p i t a t e d  ( p o ta s s iu m  a c e t y l a c e t o n a t e ) . The r e a c t i o n  
m ix tu r e  w as r e f l u x e d  f o r  8 h o u r s  ( d e c o m p o s it io n  o c c u r r e d ) , f i l t e r e d ,  
a n d  t h e  s o l i d  w a sh e d  s e v e r a l  t im e s  w i t h  a c e t o n e .  T he s o l v e n t  w as 
e v a p o r a t e d  a n d  t h e  c r u d e  s o l i d  ( o r  o i l  f ro m  n o p o l  t o s y l a t e )  i d e n t i f i e d  
a s  t h e  o r i g i n a l  t o s y l a t e  ( r e i s o l a t e d  i n  3 60% y i e l d ) .
A s i m i l a r  p r o c e d u r e  w as u s e d  w i t h  d i m e t h y l s u l f o x i d e  a s  t h e  s o l v e n t  
a n d  2 - p h e n y l b u t y l  i o d i d e .  T he m ix tu r e  w as a l lo w e d  t o  s t a n d  a t  50 ° f o r  
t h r e e  d a y s .  The pm r s p e c t r u m  o f  t h e  c r u d e  e t h e r e a l  e x t r a c t ,  a f t e r  e v a ­
p o r a t i o n  o f  t h e  s o l v e n t ,  p r e s e n t e d  s t r o n g  b a n d s  a t  4 .7 - 5  ppm , i n d i c a t i v e
104o f  e l i m i n a t i o n  p r o d u c t s  o f  t h e  o r i g i n a l  i o d i d e  [ l i t .  pm r <5 5 . 0 - 5 . 1  
( -  c h 2 ) ] .
a t t e m p te d  A l k y l a t i o n  u n d e r  A c id  C o n d i t io n s
A c e ty la c e to n e  (2 g) w as m ix ed  w i t h  n o p o l  (3 g) ( o r  2 . 9  g  o f  
2 - p h e n y lb u t a n o l), t h e  t e m p e r a tu r e  lo w e re d  t o  -1 0 °  w i th  an  i c e - s a l t  
b a t h .  T h ro u g h  an  i n l e t  t u b e ,  BF3 ( d r i e d  i n  co n c d  H2S0 4 ) w as b u b b le d
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i n t o  t h e  m i x t u r e ,  u n t i l  w h i t e  fum es s h a r p l y  i n c r e a s e d  a t  t h e  e n d  o f  t h e  
o u t l e t  t u b e .  T he d a r k  c o l o r e d  m ix tu r e  w as a l lo w e d  t o  s t a n d  a t  0 °  f o r  
24  h o u r s ,  t h e n  w arm ed t o  room  t e m p e r a tu r e  a n d  p o u r e d  i n t o  a  s o l u t i o n  
o f  Na0Ac*3H20  (10  g  i n  20 m l o f  w a t e r ) ,  a n d  a l lo w e d  t o  s t a n d  a t  room  
t e n p e r a t u r e  o v e r n i g h t .  The m ix tu r e  w as e x t r a c t e d  w i th  e t h e r ,  d r i e d  
(N aSO ^), f i l t e r e d  a n d  t h e  s o l v e n t  e v a p o r a t e d :
1) I n  t h e  c a s e  o f  2 - p h e n y lb u t a n o l ,  80% o f  u n r e a c t e d  s t a r t i n g  
m a t e r i a l s  w e re  r e c o v e r e d .  The r e s i d u e  fro m  e v a p o r a t i o n  o f  t h e  e t h e r  
w as i d e n t i f i e d  a s  a  m ix tu r e  o f  a c e t y l a c e t o n e  a n d  t h e  a l c o h o l ,  b y  com­
p a r i n g  t h e  pm r s p e c tr u m  o f  a  m ix tu r e  o f  t h e  tw o  c o m p o n en ts  a n d  b y  i n t e ­
g r a t i o n  o f  CH3 v s .  CH^OH i n  t h e  a l c o h o l .
2) I n  t h e  c a s e  o f  n o p o l ,  t h e  pm r s p e c tr u m  show ed  d e c o m p o s i t io n  
o f  t h i s  r e a c t a n t ,  b y  t h e  c o m p le te  d i s a p p e a r a n c e  o f  t h e  g e m in a l  m e th y l  
a b s o r p t i o n
A tte m p te d  A l k y l a t i o n  b y  A n io n  E x t r a c t i o n
T e tra b u ty la m m o n iu m  h y d ro g e n  s u l f a t e  ( 3 .4  g) w as a d d e d  t o  a  c o ld  
s o l u t i o n  o f  NaOH ( 0 .8  g  i n  10 m l o f  w a t e r ) ;  t o  t h i s  a c e t y l a c e t o n e  (1 g ) 
w as a d d e d  a n d  t h e  m ix tu r e  e x t r a c t e d  w i t h  c h lo r o f o r m .  The tw o  l a y e r s  
w e re  s e p a r a t e d  a n d  a  d o u b le  e x c e s s  o f  2 - p h e n y lb u t y l  i o d i d e  ( o r  t o s y l a t e )  
a d d e d  t o  t h e  o r g a n i c  s o l u t i o n .  T he m ix tu r e  w as a l lo w e d  t o  r e f l u x  f o r  
on e  h o u r ,  th e n  e v a p o r a t e d  an d  e t h e r  a d d e d  t o  t h e  r e s i d u e .  A w h i te  p r e ­
c i p i t a t e  a p p e a r e d  i n  b o th  c a s e s .  T he e t h e r  s o l u t i o n  w as f i l t e r e d  an d  
t h e  s o l v e n t  e v a p o r a t e d :
1) The pm r s p e c tr u m  o f  t h e  e x t r a c t  fro m  t h e  i o d i d e  sh o w ed  a
104h ig h  p e r c e n t a g e  o f  a - e t h y l s t y r e n e  fro m  b a n d s  a t  5 .4  ppm [ l i t .  pm r 
6 5 . 0 - 5 . 1  (“ C H ^ )] , a n d  a  v e r y  w eak  b a n d  f o r  t h e  C i t a t o  t h e  c a r b o n y l  
a t  -  2 ppm .
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2) T he e x t r a c t  fro m  t h e  t o s y l a t e  w as d i l u t e d  w i t h  m e th a n o l  t o  
p r e c i p i t a t e  t h e  e x c e s s  o f  2 - p h e n y lb u t y l  t o s y l a t e  ( r e i s o l a t e d  i n  a  80% 
y i e l d ) , t h e  s o l v e n t  w as a g a in  e v a p o r a t e d  a f t e r  f i l t r a t i o n  a n d  t h e  pm r 
s p e c tr u m  o f  t h e  e x t r a c t  show ed  a  v e r y  w eak b a n d  c o r r e s p o n d i n g  t o  t h e  
C0CH3 a t  2  2 ppm.
S y n th e s i s  o f  L a(d p m )^
L an th an u m  o x id e  w as p u r c h a s e d  fro m  A l f a  I n o r g a n i c  C o. a n d  t h e  
d ip iv a lo y lm e th a n e  (dpmH) fro m  A l d r i c h .  T he s y n t h e t i c  p r o c e d u r e  d e s ­
c r i b e d  i n  I n o r g a n i c  S y n th e s e s ^  w as f o l lo w e d :  ^ a 2 ° 3  g ) w as d i s ­
s o lv e d  i n  17 m l o f  c o n c d  HNO^ on  a  s te a m  b a t h .  E l i m i n a t i o n  o f  e x c e s s  
HNC>3 w as a c h ie v e d  by  a d d i t i o n  o f  w a te r  an d  r e p e a t e d  e v a p o r a t i o n  u n t i l  
t h e  v a p o r s  w e re  n e u t r a l .  To a  s o l u t i o n  o f  dpmH (3 .7 2  g  i n  95% e t h a n o l )  
w e re  ad d e d  17 m l o f  a  4.8%  s o l u t i o n  o f  NaOH i n  50% e t h a n o l .  T he LafN O ^J^ 
w as d i s s o l v e d  i n  17 m l o f  50% e t h a n o l  a n d  a d d e d  t o  t h e  b a s i c  s o l u t i o n  
o f  dpmH, w i t h  v i g o r o u s  s t i r r i n g .  E v a p o r a t io n  o f  t h e  s o l v e n t  w as im ­
m e d i a t e l y  s t a r t e d  by  c o n n e c t i n g  th e  f l a s k  t o  a  vacuum  pum p. P r e c i p i t a ­
t i o n  o f  t h e  co m p lex  s t a r t e d  im m e d ia te ly  a n d  i n c r e a s e d  w i t h  t h e  r e d u c t i o n  
i n  t h e  v o lu m e . When t h e  o r i g i n a l  s o l u t i o n  w as r e d u c e d  b y  h a l f ,  t h e  
vacuum  w as rem o v ed  a n d  120 m l o f  w a te r  a d d e d . T he s o l i d  w as f i l t e r e d ,  
d r i e d  (6 0 ° ,  0 . 6  mm) f o r  o n e  h o u r ,  a n d  s u b l im e d  ( 1 9 0 ° ,  0 . 5  mm) t o  y i e l d  
3 .6  g  (81%) o f  a  w h i t e  p o w d e r , mp 2 4 2 -3 °  ( l i t . ^  2 3 8 - 2 4 8 ° ) .
M easu rem en t o f  C om plex F o rm a tio n  S h i f t s  (CFS) i n  P y r i d i n e
A l l  s p e c t r a  f o r  CFS m e a s u re m e n ts  w e re  r e c o r d e d  a t  SW 270  H z, 
w i th  a  p r e c i s i o n  o f  ± 0 .0 0 5  ppm .
P y r i d i n e  w as d i s t i l l e d  fro m  NaOH a n d  k e p t  o v e r  4A m o le c u la r  s i e v e s .  
P y r i d i n e  (0 .0 5 5 0  g ) w as d i l u t e d  t o  1 m l w i t h  CDCl^ ( [ P y r i d i n e ]  = 0 .6 9 5  M ),
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a n d  p o r t i o n s  o f  a p p r o x im a te ly  0 .0 5  g  o f  L a (d p m )3 w e re  a d d e d .  To a v o id  
e v a p o r a t i o n  o f  t h e  s o l v e n t ,  t h e  f l a s k  w as s e a l e d  w i t h  p a r a f i l m  an d  mag­
n e t i c a l l y  s t i r r e d .  T he c o n c e n t r a t i o n  o f  L a (d p m )3 w as d e te r m in e d  by  
i n t e g r a t i o n  o f  t h e  pm r s p e c t r a ,  t h e  v o lum e c h a n g e  o f  t h e  s o l u t i o n  b y  
t h e  i n t r o d u c t i o n  o f  L a (d p m )3 w as c o n s i d e r e d  n e g l i g i b l e ,  s o  t h e  c o n c e n t r a ­
t i o n  o f  t h e  p y r i d i n e  w as a ssu m ed  c l o s e l y  c o n s t a n t .
A s t o c k  s o l u t i o n  w as p r e p a r e d  b y  d i s s o l v i n g  0 .1 3 0 1  g  o f  p y r i d i n e  
i n  C C l^ ( f i n a l  v o lu m e 3 m l ,  [ P y r i d i n e ]  = 0 .5 4 8  M ). A p p ro x im a te ly  0 .0 6  g  
o f  L a (d p m )3 w e re  w e ig h e d  i n  a  nm r tu b e  a n d  0 .3  m l o f  t h e  p y r i d i n e  s o l u ­
t i o n  a d d e d . A s e r i e s  o f  pm r s p e c t r a  w e re  o b t a i n e d  a t  d e c r e a s i n g  la n th a n u m  
co m p lex  c o n c e n t r a t i o n  b y  a d d in g  m e a s u re d  a l i q u o t s  o f  t h e  p y r i d i n e  s o l u t i o n  
t o  t h e  nm r t u b e .
A n a lo g o u s  p r o c e d u r e s  w e re  c a r r i e d  o u t  f o r  [ P y r i d i n e ]  = 0 .2 7 4  M 
a n d  [ P y r i d i n e ]  ** 0 .1 3 7  M s o l u t i o n s ,  w h ic h  w e re  p r e p a r e d  b y  d i l u t i o n  o f  
t h e  o r i g i n a l  s t o c k  s o l u t i o n .  T he c o n c e n t r a t i o n  o f  L a (d p m )3 w as d e te r m in e d  
b y  i n t e g r a t i o n  o f  t h e  pm r s p e c t r a .
T he c a l c u l a t i o n  o f  t h e  la n th a n u m  co m p lex  c o n c e n t r a t i o n s  w as a l s o  
b a s e d  on  t h e  w e ig h e d  a m o u n ts ,  b u t  b e c a u s e  t h e  m i x tu r e s  w e re  f r e q u e n t l y  
n o n -h o tn o g e n e o u s , t h e y  i n  m any c a s e s  d i d  n o t  m a tc h .
M e a su re m e n ts  o f  CFS i n  A l i p h a t i c  S y s te m s
T he p r o c e d u r e  d e s c r i b e d  f o r  p y r id in e - L a ( d p m ) 3 i n  CDCl3 w as f o l lo w e d ,  
w i t h  s o l u t i o n s  o f  t h e  s u b s t r a t e s  a t  t h e  f o l l o w i n g  c o n c e n t r a t i o n s :
[ e th a n o l ]  *  1 .4 4  M 
[ d i m e t h y l s u l f o x i d e ]  => 0 .5 7 4  M 
[2 - p e n ta n o n e ]  = 0 .9 4 1  M 
[cam p h o r] = 0 .5 1 0  M 
[ d i e th y l a m in e ]  ** 0 .9 3 7  M
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The s o l v e n t s  i n  e a c h  c a s e  w e re  r e p o r t e d  i n  T a b le  1 0 .
e x o , e x o - 2 , 3 -C a m p h a n e d io l w as s y n t h e s i z e d  b y  D a v id  B a i l l a r g e o n  
b y  t h e  m e th o d  o f  T a k e s h i t a  a n d  K i ta j im a * 0 ^ .  I t  w as r e s u b l im e d  p r i o r  
t o  u s e  (up 2 3 0 -4 ° )  b e c a u s e  o f  i t s  h ig h  h y g r o s c o p ic  c h a r a c t e r i s t i c s .
The CFS w e re  d e te r m in e d  u s in g  t h e  sam e p r o c e d u r e  a s  f o r  p y r id in e - L a ( d p m ) ^  
i n  C C l^ , w i t h  a  0 .7 5 5  M s o l u t i o n  o f  t h e  d i o l .  The c o n c e n t r a t i o n  o f  
L a(d p m )^  w as c a l c u l a t e d  b y  w e ig h t .
D i r e c t  D e te r m in a t io n  o f  E q u i l ib r iu m  C o n s ta n t s  a n d  A1s .
E u (d p m )^  w as p u r c h a s e d  fro m  V e n tro n  C o. a n d  p u r i f i e d  p r i o r  t o  
u s e  b y  d r y i n g  a t  0 . 8  mm a n d  100° f o r  o n e  h o u r r f o l lo w e d  b y  s u b l i m a t i o n  
a t  1 5 0 °  a t  t h e  sam e r e d u c e d  p r e s s u r e :  mp 1 8 5 -6 °  ( l i t . * ’ 1 8 7 - 9 ° ) .
E u ( f o d ) ^  w as p u r c h a s e d  fro m  A l f a  I n o r g a n i c s  a n d  p u r i f i e d  p r i o r  
t o  u s e  a s  d e s c r i b e d  a b o v e :  mp 2 0 9 -2 1 3 °  ( l i t .  2 0 5 - 2 1 2 ° ) .
D im e th o x y e th a n e  (DME) w as d i s t i l l e d  a t  a tm o s p h e r i c  p r e s s u r e ;  
t h e  f r a c t i o n  b o i l i n g  a t  7 6 .5 °  w as c o l l e c t e d  a n d  k e p t  o v e r  4A m o le c u la r  
s i e v e s  w h ic h  h a d  b e e n  p r e v i o u s l y  d r i e d  a t  1 4 0 °  f o r  24  h o u r s .
D im e th o x y b e n z e n e  (DMB) w as p u r c h a s e d  fro m  A ld r i c h  a n d  r e c r y s ­
t a l l i z e d  fro m  l i g h t  p e t r o l e u m  e t h e r .  I t  w as d r i e d  a t  < 2 mm f o r  one  
h o u r  a t  room  t e m p e r a t u r e .
B o m e o l  w as s u b l im e d  p r i o r  t o  u s e  a t  5 0 °  (1 mm): mp 2 0 5 - 6 ° .
CDC1_ a n d  C C 1. w e re  d r i e d  o v e r  4A m o le c u la r  s i e v e s .3 4
B o m e o l  a n d  E u (d p m )^
Two s o l u t i o n s  o f  b o m e o l  i n  C C l^ w e re  p r e p a r e d  a t  c o n c e n t r a t i o n s  
0 .5 1 2 0  a n d  0 .2 4 5 8  M. I n  s i x  s e p a r a t e d  nm r t u b e s ,  an  am o u n t o f  E u (d p m )^  
w as w e ig h te d  s o  t h a t  a f t e r  t h e  a d d i t i o n  o f  0 .3  m l o f  e a c h  b o m e o l  s o l u t i o n ,  
t h e  f i n a l  p ( « [Eu(dpm ) 3 J /  [ B o m e o l ] ) w o u ld  b e  a p p r o x im a te ly  0 .6 5 ,  0 .3 5  a n d  0 . 1 .
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C o r r e c t i o n  f o r  t h e  ch a n g e  i n  vo lu m e w as p e r f o r m e d  b y  m e a s u r in g  t h e  
h e i g h t  on t h e  nm r tu b e  p r e v i o u s l y  c a l i b r a t e d .
D i f f e r e n t  c o n c e n t r a t i o n s  o f  E u (d p m )^  w e re  f u r t h e r  o b t a i n e d  b y  
t h e  a d d i t i o n  o f  a l i q u o t s  o f  t h e  b o m e o l  s o l u t i o n  o f  t h e  sam e c o n c e n t r a ­
t i o n ,  r e c o r d i n g  t h e  pm r s p e c tr u m  e a c h  t i m e .
A l l  v o l u m e t r i c  m e a s u re s  w e re  p e r fo rm e d  by  t h e  u s e  o f  H a m ilto n  
s y r i n g e s .
DME a n d  E u (d p m )j
A 0 .1 7 2 0  M s t o c k  s o l u t i o n  o f  DME i n  CDCl^ w as p r e p a r e d  a n d  t h r e e  
p o r t i o n s  o f  i t  w e re  d i l u t e d  t o  o b t a i n  t h r e e  w o rk in g  s o l u t i o n s  o f  DME =
0 .0 8 6 0  M, 0 .0 4 3 0  M, a n d  0 .0 2 1 5  M.
I n t o  t h r e e  s e p a r a t e  v o l u m e t r i c  f l a s k s ,  e a c h  c o n t a i n i n g  a p p r o x i ­
m a te ly  0 .0 1 5  g  o f  E u td p in )^ , 0 .5  m l ,  0 .2 5  m l a n d  0 .1 2 5  m l o f  t h e  0 .1 7 2 0  
M DME s o l u t i o n  w e re  a d d e d . E ach  f l a s k  w as d i l u t e d  t o  o n e  m l w i t h  C D C l^, 
t h e r e b y  t h e  c o n c e n t r a t i o n  o f  DME i n  e a c h  o f  t h e s e  s o l u t i o n s  i s  e q u a l  t o  
o n e  o f  t h e  t h r e e  w o rk in g  s o l u t i o n s  p r e v i o u s l y  p r e p a r e d .
From  e a c h  f l a s k ,  0 .3  m l w e re  m e a s u re d  i n t o  an  nm r t u b e  b y  a
H a m ilto n  s y r i n g e  a n d  a l i q u o t s  o f  t h e  DME s o l u t i o n  o f  t h e  sam e c o n c e n t r a ­
t i o n  w e re  a d d e d ,  r e c o r d i n g  t h e  pm r s p e c t r u m  a f t e r  e a c h  a d d i t i o n .  To
o b t a i n  lo w e r  v a l u e s  o f  p ,  0 .1 2  m l o f  e a c h  f l a s k  a n d  0 .1 8  m l o f  t h e
c o r r e s p o n d in g  DME s o l u t i o n  (o f  t h e  sam e c o n c e n t r a t i o n )  w e re  m ix e d  a n d
f u r t h e r  m e a s u re m e n ts  w e re  t a k e n  b y  a d d in g  a d d i t i o n a l  a l i q u o t s  o f  t h e  
DME s o l u t i o n  o f  t h e  sam e c o n c e n t r a t i o n .
The c o n c e n t r a t i o n  o f  DME i s  k e p t  c o n s t a n t  i n  t h i s  way w i t h i n  an y  
g iv e n  r u n ,  a n d  n o  c a l i b r a t i o n  o f  t h e  nm r t u b e  i s  n e c e s s a r y .
The r e s u l t i n g  c o n c e n t r a t i o n s  a n d  c h e m ic a l  s h i f t s  a r e  r e p o r t e d  i n  
T a b le s  2 4 -2 5 .
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DMB and Eu(dpm)3
A s i m i l a r  p r o c e d u r e  i s  u s e d  i n  t h i s  s y s te m .  E x p e r im e n ta l  v a l u e s  
a r e  r e p o r t e d  i n  T a b le s  2 7 -2 9 .
DME a n d  E u ( f o d ) j
Due t o  t h e  h i g h e r  s o l u b i l i t y  o f  E u ( f o d ) ^  (c o iq p a red  t o  E u(dpm )^) 
a  d i f f e r e n t  p r o c e d u r e  w as f o l lo w e d  t o  p r e p a r e  t h e  o r i g i n a l  s o l u t i o n s .
A s t o c k  s o l u t i o n  w as o b t a i n e d  b y  d i s s o l v i n g  0 .2 4 7 1  g  o f  E u ( f o d ) ^  i n  1 
m l v o l u m e t r i c  f l a s k  u s i n g  CDCl^ a s  t h e  s o l v e n t .
A 0 .2 1 5 3  M s t o c k  s o l u t i o n  o f  DME w as a l s o  p r e p a r e d  i n  CDC13 
( s a t u r a t e d  w i t h  D^O) a n d  p r e p a r a t i o n  o f  t h e  nm r s a m p le s  w as o b t a i n e d  
b y  m ix in g  t h e  tw o  a b o v e  s o l u t i o n s  i n  t h e  f o l l o w i n g  p r o p o r t i o n s :
1) 0 .1 5  m l o f  DME + 0 .1 5  m l E u ( f o d > 3 ( [DME] = 0 .1 0 7 6  M );
2) 0 .1 5  m l o f  DME + 0 .0 6  m l o f  E u ( f o d > 3 + 0 .0 9  m l CDC13
{[DME] = 0 .1 0 7 6  M)j
3) 0 .0 7 5  m l o f  DME + 0 .1 5  m l o f  E u ( f o d ) 3 + 0 .0 7 5  m l CDC13
( [DME] = 0 .0 5 3 8  M );
4) 0 .0 7 5  m l o f  DME + 0 .0 6  m l o f  E u ( f o d ) 3 + 0 .1 6 5  m l CDC13
( [DME] = 0 .5 3 8  M );
5) 0 .0 3 7 5  m l o f  DME + 0 . 1 5  m l o f  E u ( fo d > 3 + 0 .1 1 2 5  m l CDCl3
([DME] = 0 .0 2 6 9  M );
6) 0 .0 3 7 5  m l o f  DME + 0 .0 6  m l o f  E u ( fo d > 3 + 0 .2 0 2 5  m l CDC13
([DME] = 0 .0 2 6 9  M);
7) 0 .0 3 5  m l o f  DME + 0 .0 3  m l o f  E u ( fo d > 3 + 0 .2 1 5  m l CDCl3
([DME] = 0 .0 2 6 9  M ).
D i f f e r e n t  c o n c e n t r a t i o n s  o f  E u ( f o d ) 3 w e re  a l s o  o b t a i n e d  b y  a d d i t i o n  
o f  a l i q u o t s  o f  t h e  DME s o l u t i o n  o f  t h e  sam e c o n c e n t r a t i o n ,  w h ic h  i s  p r e ­
p a r e d  b y  d i l u t i o n  o f  t h e  o r i g i n a l  DME s o l u t i o n .
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E x p e r im e n ta l  c o n c e n t r a t i o n s  a n d  c h e m ic a l  s h i f t s  a r e  r e p o r t e d  i n  
T a b le s  3 2 -3 3 .
C o m p e t i t iv e  E x p e r im e n ts
Eu(dpm >3 a n d  E u ( f o d ) 3 w e re  u s e d  w i t h o u t  f u r t h e r  p u r i f i c a t i o n .
The s u b s t r a t e s  w e re  p u r i f i e d  a s  f o l l o w s :
1) 2 -B u ta n o n e  w as d i s t i l l e d  a t  a tm o s p h e r ic  p r e s s u r e ,  b p  7 4 -5 °  
an d  k e p t  o v e r  4A m o l e c u l a r  s i e v e s ;
2) N e o p e n ta n o l  w as d i s t i l l e d  a t  a tm o s p h e r ic  p r e s s u r e ,  t h e  
f r a c t i o n  a t  1 0 9 -1 1 0 °  w as c o l l e c t e d ;  mp 5 3 -5 °  ( l i t .® * ’ 5 2 - 3 ° ) ;
3) n - P r o p y la m in e  w as d i s t i l l e d  a t  a tm o s p h e r ic  p r e s s u r e  o v e r  
KOH p e l l e t s ,  t h e  f r a c t i o n  a t  4 7 .5 °  w as c o l l e c t e d  a n d  k e p t  
o v e r  4A m o le c u la r  s i e v e s ;
4) P u r i f i c a t i o n  p r o c e d u r e s  f o r  b o r n e o l  a n d  DMB w e re  d e s c r i b e d  
p r e v i o u s l y .
W ith  n e o p e n ta n o l  a n d  b o r n e o l  ( s u b s t r a t e  B ) , -  0 .2  a n d  0 .5  M 
s o l u t i o n s  i n  CDCl3 w e re  p r e p a r e d ,  a lo n g  w i t h  s o l u t i o n s  o f  a p p r o x im a te ly  
t h e  sam e c o n c e n t r a t i o n  i n  DME ( s u b s t r a t e  A ) . E u (d p m )3 [ o r  E u ( f o d ) 3] 
w as w e ig h te d  i n  a  nm r tu b e  i n  a p p r o x im a te ly  t h e  am o u n ts  d e s c r i b e d  b e lo w :
1) 0 .0 1 7  g  o f  Eu(dpm >3 [ o r  0 .0 2 5  g  o f  E u ( f o d ) 3] t o  w h ic h
0 .3  m l o f  0 .2  M s o l u t i o n  o f  s u b s t r a t e  B w e re  a d d e d  (p -  0 . 4 ) ;
2) 0 .0 1 7  g  o f  E u (d p m )3 [ o r  0 .0 2 5  g  o f  E u ( fo d > 3 ] t o  w h ic h
0 . 3  m l o f  0 .2  M s o l u t i o n s  o f  s u b s t r a t e  A w e re  a d d e d  (p -  0 . 4 ) ;
3) 0 .0 8 4  g  o f  E u (d p m )3 [ o r  0 .1 2 4  g  o f  E u ( f o d ) 3] t o  w h ic h
0 . 3  m l o f  0 .5  M s o l u t i o n  o f  s u b s t r a t e  B w e re  a d d e d  (p = 0 . 8 ) ;
4) 0 .0 8 4  g  o f  E u (d p m )3 [ o r  0 .1 2 4  g  o f  E u ( f o d ) 3] t o  w h ic h
0.3 ml of 0.5 M solution of substrate A were added (p - 0.8).
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The f i n a l  v o lu m e i s  d e te r m in e d  b y  t h e  h e i g h t  o f  t h e  s o l u t i o n  i n  
t h e  nm r t u b e .  A l i q u o t s  o f  t h e  c o m p e tin g  s u b s t r a t e  a r e  a d d e d  u p  t o  a  
t o t a l  o f  0 .3  m l ,  r e c o r d i n g  t h e  pm r s p e c tr u m  a f t e r  e a c h  a d d i t i o n .  
E x p e r im e n ta l  v a l u e s  f o r  n eo p en tan o l-D M E  a r e  r e p o r t e d  i n  T a b le s  36 an d  4 1 .
W ith  DMB a n d  DME, 0 .2  M s o l u t i o n s  o f  DMB a n d  DME w e re  p r e p a r e d ;  
t h e  s h i f t  r e a g e n t  w as w e ig h te d  i n  a  nm r tu b e  a n d  m ix e d  w i t h  t h e  s u b s t r a t e  
s o l u t i o n s  i n  t h e  f o l l o w i n g  p r o p o r t i o n s :
1) 0 .0 3 5  g  o f  E u(dpm > 3  [ o r  0 .0 5 0  g  o f  E u ( f o d ) ^ ]  + 0 .2 8  m l
O f DME (p = 0 . 8 ) ;
2) 0 .0 3 5  g  o f  E u (d p m )^  [o r  0 .0 5 0  g  o f  E u t f o d ) ^ ]  + 0 .2 8  m l
o f  DMB (p  2  0 . 8 ) ;
3) 0 .0 1 5  g  o f  E u (d p m )3 [ o r  0 .0 2 0  g  o f  E u t f o d ) ^ ]  + 0 .2 8  m l
O f DME (p «  0 . 3 5 ) ;
4) 0 .0 1 5  g  o f  E u (d p m )^  [ o r  0 .0 2 0  g  o f  E u ( f o d ) ^ ]  + 0 .2 8  m l
o f  DMB (p = 0 . 3 5 ) .
A l i q u o t s  o f  t h e  c o m p e tin g  s u b s t r a t e  w e re  a d d e d  a n d  t h e  pm r s p e c tr u m  
o f  e a c h  m ix tu r e  w as r e c o r d e d .  E x p e r im e n ta l  v a l u e s  o f  c h e m ic a l  s h i f t s  a r e  
r e p o r t e d  i n  T a b le s  30 a n d  3 4 .
A p r o c e d u r e  s i m i l a r  t o  n e o p e n ta n o l  a n d  b o m e o l  w as u s e d  f o r  t h e  
c o m p e t i t i o n  e x p e r im e n t s  b e tw e e n  2 - b u ta n o n e  a n d  DME i n  t h e  p r e s e n c e  o f  
E u (d p m )^  a n d  E u ( f o d ) 3 . Due t o  t h e  r e l a t i v e l y  w eak b i n d i n g  c o n s t a n t  f o r  
t h e  2 - b u ta n o n e ,  t h e  f o l l o w i n g  s o l u t i o n s  w e re  p r e p a r e d :
1) W ith  E u (d p m )3 : 0 . 4  M s o l u t i o n s  o f  2 -b u ta n o n e  an d  
0 . 1  M s o l u t i o n s  o f  DME:
2) W ith  E u ( f o d ) 3 : 0 . 8  M s o l u t i o n s  o f  2 - b u ta n o n e  an d
0 . 1  M s o l u t i o n s  o f  DME.
E x p e r im e n ta l  v a l u e s  a r e  r e p o r t e d  i n  T a b le s  43 a n d  4 5 .
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W ith  n - p r o p y la m in e ,  a  d i f f e r e n t  p r o c e d u r e  w as f o l lo w e d  t o  i n c r e a s e  
t h e  a c c u r a c y  i n  t h e  c o n c e n t r a t i o n  o f  t h e  tw o  c o m p e tin g  s u b s t r a t e s .  S to c k  
s o l u t i o n s  o f  DME a n d  n -p r o p y la m in e  ( -  0 .3  M e a c h )  w e re  p r e p a r e d ,  an d  
d i l u t e d  i n  h a l f .  I n  v o l u m e t r i c  f l a s k s ,  t h e  f o l l o w i n g  a p p r o x im a te d  am o u n ts  
o f  s h i f t  r e a g e n t  a n d  t h e  0 .3  M s o l u t i o n s  w e re  m ix e d :
1) 0 .0 8 5  g  o f  EuCdpm )^ + 0 .5  m l o f  DME ( d i l u t e d  t o  1 m l
W ith  CDC13 , [DME] = 0 .1 5  M);
2) 0 .0 8 5  g  o f  Eu(dpm >3 + 0 .5  m l o f  n - p r o p y la m in e  ( d i l u t e d  
t o  1 m l w i t h  CDC13 , [n -p ro p y la m in e ]  = 0 .1 5  M );
3) 0 .2 5  g  o f  E u ( f o d ) 3 w e re  d i l u t e d  t o  1  m l w i t h  CDC13 .
F o r  t h e  s o l u t i o n s  i n v o l v in g  E u (d p m )3 a s  t h e  s h i f t  r e a g e n t ,  0 . 3  m l
o f  e a c h  s o l u t i o n  w e re  i n t r o d u c e d  i n  a  nm r t u b e  a n d  a l i q u o t s  o f  t h e  0 .1 5  
M c o m p e t in g  s u b s t r a t e  w e re  a d d e d .  E x p e r im e n ta l  c h e m ic a l  s h i f t s  a r e  
r e p o r t e d  i n  T a b le  4 6 .
F o r  t h e  s o l u t i o n s  i n v o l v i n g  E u ( f o d > 3 a s  t h e  s h i f t  r e a g e n t ,  0 .1 5  m l 
o f  s o l u t i o n  #3 w e re  m ix e d  w i t h  0 .1 5  m l o f  o n e  o f  t h e  c o m p e tin g  s u b s t r a t e s  
a n d  a l i q u o t s  o f  t h e  0 .1 5  M s o l u t i o n  o f  t h e  o t h e r  w e re  a d d e d . C o n c e n t r a ­
t i o n s  a n d  c h e m ic a l  s h i f t s  a r e  r e p o r t e d  i n  T a b le  4 8 .
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O p t im iz a t io n  o f  P a r a m e te r s  i n  S t r u c t u r e - C h e m ic a l  
S h i f t s  C o r r e l a t i o n s
T he f r a c t i o n a l  c h a n g e s  i n  t h e  c h e m ic a l  s h i f t s  d u e  t o  a  d i p o l a r  
m ech a n ism  a n d  p ro d u c e d  b y  a  p o i n t  d i p o l e  a r e  g iv e n  i n  e q u a t i o n  4 0 :
w h e re  s p h e r i c a l  c o o r d i n a t e s  f o r  n u c l e u s  i  i n  t h e  sy m m etry  c o o r d i n a t e s  
o f  t h e  C^v  p o i n t  d i p o l e  sure d e f i n e d  i n  F ig u r e  2 5 .
X'
F ig u r e  25 -  L a n th a n id e  Sym m etry  C o o r d in a te  
S y s te m  -  H. i s  a  p r o t o n  i n  t h e  
b o m e o l  m o le c u le  w i t h  a  r i g i d  
g e o m e try  w i t h  r e s p e c t  t o  a n d  0 .
(40)
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31A v e r s i o n  o f  a  c o m p u te r  p ro g ra m  PSEUDO , w h ic h  a n a ly z e s  c h e m ic a l  
s h i f t s  o f  d i p o l a r  o r i g i n ,  w as m o d i f i e d  f o r  u s e  i n  t h e  p r e s e n t  s t u d y .
I t s  a l g o r i t h m s  a r e  d e s c r i b e d  b e lo w .
F o r  n  o b s e r v a t i o n s ,  a  s e t  o f  SO^ ( i  — l , . . . , n )  r e p r e s e n t s  t h e  
o b s e r v e d  c h e m ic a l  s h i f t s  w i t h  r e s p e c t  t o  t h e  o r i g i n a l  p o s i t i o n  i n  t h e  
a b s e n c e  o f  t h e  p o i n t  d i p o l e .  A s e t  o f  n  c o o r d i n a t e s  m u s t b e  a v a i l a b l e  
fro m  a  c h o s e n  m o d e l a n d  a r e  e x p r e s s e d  i n  C a r t e s i a n  c o o r d i n a t e s  w i th  
t h e  c o o r d i n a t i o n  s i t e  l o c a t e d  a t  (0 ,  O, O ) . F o r  t h e  b o r a e o l  c a s e ,  
a n a ly z e d  i n  t h i s  w o rk , t h e  c o n v e n t io n  f o r  t h e  o r i e n t a t i o n  o f  t h e  m o le ­
c u l e  w i t h  r e s p e c t  t o  t h e  C a r t e s i a n  c o o r d i n a t e s  w as d e s c r i b e d  i n  F ig u r e  <
Ohe i d e a  i s  t o  l o c a t e  t h e  Ln io n  s u c h  t h a t  i n  t h e  sy m m etry  
c o o r d i n a t e s  o f  t h e  Ln ( F ig u r e  2 5 ) ,  e q u a t i o n  41 r e p r e s e n t s  a  m inim um .
n
Y. (soi • sci>2




T he m in im iz a t io n  p r o c e s s  i s  p e r f o r m e d  b y :
1) An i n i t i a l  g u e s s  f o r  t h e  l a n t h a n i d e  p o s i t i o n  i s  t a k e n ;
2 ) T he p r o p e r  r o t a t i o n  a n d  t r a n s l a t i o n  i s  a p p l i e d ,  s u c h  t h a t  i n  
a  new s y s te m  o f  c o o r d i n a t e s  ( x ' ,  y ' ,  z ' ) t h e  Ln i o n  w i l l  b e  l o c a t e d  a t  
( 0 ,  0 ,  0) a n d  t h e  L n -0  b o n d  w i l l  b e  c o l i n e a r  w i th  t h e  z '  d i r e c t i o n ;
3) The SC^ a r e  e x p a n d e d  i n  a  T a y lo r  s e r i e s  w h e re  o n ly  t h e  f i r s t  
d e r i v a t i v e s  a r e  c o n s i d e r e d  ( e q u a t i o n  4 2 ) :
J L  3SC.
s c i , h  -  s c i , h - i  + L




w h e re  t h e  i  s u b s c r i p t  r e f e r s  t o  t h e  n u c l e u s  i ,  h  r e f e r s  t o  t h e  i t e r a t i o n  
n u m b e r , t  i s  t h e  r e p r e s e n t a t i o n  o f  t h e  p a r a m e t e r  t o  b e  o p t im iz e d  a n d  j  
r e f e r s  t o  p a r a m e t e r  n u m b er ( j  = l , . . . , m ) ;
4) I n  o r d e r  t o  m in im iz e  e q u a t i o n  4 1 ,  i t s  d e r i v a t i v e  w i t h  r e s p e c t  
t o  e a c h  p a r a m e te r  j  m u s t b e  0 . ,  s o :
n 3SC
r
P D L .
(SC^ -  s o ^  ■ = 0 .  f o r  j  =■ l , . . . , m (43)
i » l  3
S u b s t i t u t i n g  e q u a t i o n  42 i n t o  4 3 :
m 3SC. 3SC.H ( s c i , h - i  ”  s o i  + II V t T  A t j ) 5 t T *  ° -
i = l  j = l  3 3
(44)
E q u a t io n  44  c a n  b e  r e a r r a n g e d ,  a n d  i n  m a t r i x  fo rm :
A T »  C (45)
w h e re  A i s  a  mxm m a t r i x ,  T i s  a  v e r t i c a l  m a t r i x ,  m x l,  a n d  C i s  a l s o  a  
m x l m a t r i x .  T h e i r  e l e m e n ts  a r e  d e f i n e d  b y :
asc^  asc^
Aj ,k “ Z_ atj”
T . ,  *= A t .j , l  3 (46)
, —  3SC.
c j . x  -  L  ( s o i  -  s c i . h - i '  w f
1075) I n v e r s i o n  o f  m a t r i x  A i s  p e r f o r m e d  b y  s t a n d a r d  p r o c e d u r e s  , 
s o  t h a t :
T -  A- 1  C (47)
M  M
a n d  a  new l o c a t i o n  o f  t h e  l a n t h a n i d e  p o s i t i o n  i s  fo u n d  b y  l e t t i n g :
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t. « t . + At. 
3 j  j
(48 )
6 ) t j  r e s u l t i n g  fro m  t h e  p r e v io u s  s t e p  i s  c o n s i d e r e d  a s  t h e  new 
i n i t i a l  g u e s s  a n d  t h e  p r o c e d u r e  i s  r e p e a t e d  fro m  s t e p  2 ;
7) When t h e  c o n d i t i o n  E A t? < l o ” 4 i s  m e t ,  t h e  i t e r a t i o n  p r o c e s s
j  3
i s  s t o p p e d .
The s e v e n  s t e p s  ab o v e  sure t h e  b a s i s  f o r  t h e  m in im iz a t io n  p r o c e s s .  
A few  d e t a i l s  c o n c e r n in g  t h e  c a l c u l a t i o n  o f  d e r i v a t i v e s  a n d  c h e m ic a l  
s h i f t s  b y  e q u a t i o n  40 a r e  h e l p f u l .
T r a n s f o r m a t io n  fro m  S u b s t r a t e  t o  L a n th a n id e  C o o r d in a te s
The r o t a t i o n  a n d  t r a n s l a t i o n  o f  t h e  x ,  y ,  z  s y s te m  t o  x ' ,  y ' ,  z '  
i n v o l v e :
1) R o t a t i o n  b y  a ro u n d  t h e  x  a x i s ;  t h i s  w i l l  l o c a t e  t h e  Ln 
on  t h e  x z  p l a n e .
2) R o t a t i o n  b y  <t> a ro u n d  t h e  y  a x i s ;  t h i s  w i l l  l o c a t e  t h e  I n - 0  
b o n d  on  t h e  x  a x i s .
3) T r a n s l a t i o n  on  t h e  x  a x i s  fro m  t h e  c o o r d i n a t i o n  s i t e  (o x y g e n ) 
a t  (0 ,  0 ,  0) t o  Ln a t  ( 0 ,  0 ,  0 ) .
I n  o t h e r  w o rd s  a n d  re n a m in g  t h e  a x e s :
/ .z ' | l n - o |
y ' 8 0 -
X ' 0
c o s  $  0 s i n  <j>
0 1 0  
- s i n  <j> 0 c o s  <)>
1 0  0
0 c o s  - s i n  \j/
0  s i n  c o s  J
(49 )
/
The o p e r a t i o n  w i l l  a f f o r d  a  s i t u a t i o n  s i m i l a r  t o  F ig u r e  2 5 .  I f  
t h e  M cC o n n e ll e q u a t i o n  f o r  a x i a l  sy m m etry  i s  a p p l i e d  (C2 = 0 .  i n  e q u a t i o n  
40) a n d  t h e  L n -0  b o n d  i s  s u p p o s e d  c o l i n a r  w i t h  t h e  z* a x i s ,  c l a s s i c a l  
a n a l y s i s  o f  L IS  i n v o l v e s  o p t i m i z a t i o n  o f  t h r e e  p a r a m e t e r s ,  Ln-O  b o n d
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d i s t a n c e  a n d  t h e  a n g l e s  if/ a n d  <t>.
I f  n o n - a x i a l  sy m m etry  i s  a s s u m e d , t h a t  i s  ¥ 0 .  i n  e q u a t i o n  4 0 ,  
o p t i m i z a t i o n  o f  tw o  m ore p a r a m e te r s  i s  r e q u i r e d .  T hey  a r e  C2  a n d  t h e  
r o t a t i o n  a ro u n d  z '  (w h ich  m o d i f i e s  a n g l e s ) .  F u r th e r m o r e ,  i f  n o n ­
c o l i n e a r i t y  o f  z '  a n d  L n -0  b o n d  i s  a s s u m e d , r o t a t i o n  a ro u n d  x '  a n d  y '  
w i l l  b e  n e c e s s a r y .
By c o n v e n t io n ,  a  p o s i t i v e  a n g le  o f  r o t a t i o n  i s  s e t  when lo o k in g  
fro m  t h e  p o s i t i v e  a x i s  to w a rd  t h e  o r i g i n  i n  F ig u r e  2 5 ,  t h e  m ovem ent i s  
p e r fo rm e d  i n  t h e  c lo c k w is e  d i r e c t i o n .  The m a t r i x  e x p r e s s i o n  o f  e q u a t i o n  
50 r e s u l t s :
c o s  Y 0 - s i n Y 1 0 0
0 1 0 0 c o s  3 s i n  3
s i n  Y 0 c o s Y, 0 - s i n  6 c o s  3
c o s  a  s i n  a  0 X* XM
- s i n  a  c o s  a  0 y' S y"
0 0 1, z ' z"
w h e re  a ,  3 ,  Y a r e  t h e  a n g le  o f  r o t a t i o n  a ro u n d  z ' , x ' , y 1 , r e s p e c t i v e l y .
T he new s y s te m  o f  c o o r d i n a t e s  a r e  nam ed x " ,  y " ,  z " .
£ u s e d  i n  t h e  s e c t i o n  C o l i n e a r i t y  o f  M a g n e tic  A x is  a n d  L n -0  V e c to r  
r e p r e s e n t s  t h e  a n g le  b e tw e e n  z* a n d  z "  a f t e r  r o t a t i o n  o f  x 1 a n d  y '  a x e s ,  
i t s  m a g n itu d e  i s  c a l c u l a t e d  b y  s i n p l e  v e c t o r  p r o d u c t :  I f  k '  a n d  k "  a r e
u n i t a r y  v e c t o r s ,  a lo n g  t h e  z  d i r e c t i o n  i n  t h e  p r im e  a n d  s e c o n d  p r im e  c o ­
o r d i n a t e s  s y s te m s  r e s p e c t i v e l y ,  t h e n :
k ' * k "  ■ c o s  £ (51 )
A n a lo g o u s ly ,  t h e  a n g l e s  b e tw e e n  t h e  o t h e r  a x e s  a r e  fo u n d .
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C a l c u l a t i o n  o f  D e r i v a t i v e s
The d e r i v a t i v e s  o f  SC^ w i t h  r e s p e c t  t o  a  g iv e n  p a r a m e te r  j  i s  
a p p r o x im a te d  t o  t h e  d i f f e r e n c e  o f  t h e  v a l u e  o f  t h e  f u n c t i o n  t h e o r e t i c a l l y  
c a l c u l a t e d  a t  t ^  *  t ^  a n d  t ^  =* t^  + 0 .0 0 1  f o r  e a c h  i  ■ 1 , . . .  , n .  E q u a t io n  
40  i s  a p p l i e d  i n  e a c h  c a s e .
R o tam er P o p u l a t i o n  A n a ly s i s
T h re e  r o t a m e r s  a r e  t h e  maximum n u m b er c o n s i d e r e d  i n  t h e  p ro g ra m .
F o r  a l l  r o t a m e r s  t h e  Ln-O b o n d  d i s t a n c e s  a n d  t h e  L n -0 -C 2  (<j>) a n g l e s  a r e  
a ssu m ed  c o n s t a n t .  T h i s ,  o f  c o u r s e ,  d o e s  n o t  h a v e  t o  b e  t r u e ,  b u t  f o u r  
m ore in d e p e n d e n t  p a r a m e t e r s  w o u ld  b e  i n t r o d u c e d  i n  o r d e r  t o  a l t e r  t h e  
e q u a l i t y .  The n u m b er o f  p a r a m e t e r s  i s  l i m i t e d  b y  t h e  s e v e n  o b s e r v a t i o n s  
i n  b o m e o l  ( o n ly  s i x  p a r a m e t e r s  a t  a  t im e  a r e  a l lo w e d  t o  v a r y  i n d e p e n d e n t l y ) , 
s o  t h e  a b o v e  a p p r o x im a t io n  c a n n o t  b e  a v o id e d .
I n p u t  d a t a  r e g a r d i n g  t h e  r o ta m e r  p o p u l a t i o n  a n a l y s i s  a r e  a s  f o l l o w s  
( s e e  F ig u r e  2 6 ) :
1) GROUPX »  L n -0  b o n d  d i s t a n c e ,  common f o r  a l l  r o t a m e r s ;
2 ) RHO = L n -0 -C 2 (4>) a n g l e ,  common f o r  a l l  r o t a m e r s ;
3) TA1 ■= ip a n g le  d e f i n e d  i n  F ig u r e  6 f o r  t h e  f i r s t  r o ta m e r ;
4) TA2 =  ip a n g le  d e f i n e d  i n  F ig u r e  6 f o r  t h e  s e c o n d  r o t a m e r ;
5) FR2 »  m o la r  f r a c t i o n  o f  t h e  s e c o n d  r o t a m e r ;
6) FR3 = m o la r  f r a c t i o n  o f  t h e  t h i r d  r o t a m e r ;
7) NAVE <= s e l e c t i o n  f i e l d  t h a t  a l lo w s  t h e  o p t i o n s  i n  T a b le  5 0 .
E r r o r  A n a ly s i s
A f t e r  c o n v e rg e n c e  i s  r e a c h e d ,  e r r o r s  a r e  c a l c u l a t e d  b y :
TABLE 50
R e l a t i o n  B etw een  NAVE an d  R o tam er C h a r a c t e r i s t i c s .
NAVE








Number o f  









ip a n g le s
TA1, -  , -  
T A l, TAl + 180°
T A l, TAl + 1 2 0 ° ,  TAl + 240°
sam e a s  NAVE = 3
0 ,  T A l, -T A l
0 ,  T A l, TA2
T A l, TA2, -
T A l, -T A l,  -
M ole f r a c t i o n
1 ,  0 ,  0  
1 -  FR2, FR2, 0 
1 - 2  P R 2, FR 2, FR2 
1 -  (FR2 + F R 3 ), FR 2, FR3 
sam e a s  NAVE = 3 
sam e a s  NAVE = 4 
sam e a s  NAVE = 2 






S IG . ^ es s t a n d a r d  d e v i a t i o n  f o r  p a r a m e t e r  j
w h e re  A?1 , i s  t h e  d i a g o n a l  e l e m e n t  o f  t h e  i n v e r t e d  m a t r i x  JV t h a t  c o r -
J rJ
r e s p o n d s  t o  t h e  p a r a m e t e r  j .
F ig u r e  26 i s  an  o u t p u t  e x a m p le  f o r  t h e  o p t i m i z a t i o n  o f  t h r e e  
p a r a m e t e r s  i n  t h e  a p p l i c a t i o n  o f  e q u a t i o n  40  w i t h  a x i a l  sy m m etry  
a p p r o x im a t io n  (C2  = 0 . ) .  F o r  d e s c r i p t i o n  o f  s y m b o ls, s e e  l e g e n d .
(52)
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L eg e n d  t o  F ig u r e  26
Some te rm s  o f  F ig u r e  26  w e re  d e f i n e d  i n  t h e  s e c t i o n  R o tam er 
P o p u la t i o n  A n a ly s i s .  O th e r  n o t a t i o n s  i n c l u d e :
C2 *  C2  c o n s t a n t  i n  e q u a t i o n  4 0 .
The o r i e n t a t i o n  o f  t h e  tw o  c o o r d i n a t e  s y s te m s  i s  r e p r e s e n t e d  b y  
t h e  a ,  $ ,  y a n g l e s  f o r  e a c h  r o ta m e r .
COORDINATES AND SHIFTS AFTER CONVERGENCE 
XX, YY, ZZ a r e  C a r t e s i a n  c o o r d i n a t e s  f o r  a to m s  i n  t h e  l a n t h a n i d e  
c o o r d i n a t e  s y s te m .
R I ,  CT a r e  s p h e r i c a l  c o o r d i n a t e s  ( r  a n d  0 ) f o r  a to m s i n  t h e  
l a n t h a n i d e  c o o r d i n a t e  s y s te m .
AXIAL 9  n u m e r i c a l  v a lu e  f o r  M cC o n n e ll e q u a t i o n .
PERP = n u m e r ic a l  v a l u e  f o r  n o n - a x i a l  s y m m e tr ic  p o r t i o n
SA 9  c a l c u l a t e d  c h e m ic a l  s h i f t  f o r  e a c h  a to m  i n  e a c h  r o t a m e r .
SC 9  c a l c u l a t e d  c h e m ic a l  s h i f t .
SO 9  o b s e r v e d  c h e m ic a l  s h i f t .
i n  e q u a t i o n  4 0 .
D *  SO -  SC
K 9  s c a l a r  f a c t o r  (C^ i n  e q u a t i o n  40) 9  
RFACTOR 9  R ( i n  e q u a t i o n  52) x  1 0 0 .
Z S O ./Z  SC. 
i  1  i  1
GROUPX PKG TAl  TA2
3 . 0 0 0 0 0  1 1 0 . 0 0 0 0 0  9Q .0UU00  0 . 0
FR2 FR3
0 . 0  0 . 0




IN IT IA L  RFLATIVF ORIENTATION OF THE TWO COORDINATES SYSTEMS IN DEGREES 
AS THE ANGLE OF ROTATION AROUND EACH AXIS
FOR FIR ST  ROTAMER 
MAGNETIC X Y
AXIS AXIS AXIS
0 . 0  0 . 0  0 . 0
FOR SECOND ROTAMER 
MAGNETIC X Y
AXIS AXIS AXIS
0 . 0  0 . 0  0 . 0
FOR THIRD ROTAMER 
MAGNETIC X Y
AXIS AXIS AXIS
0 . 0  0 . 0  0 . 0
PARAMETERS aT CONVERGENCE .
GROUPX RHO TAl  TA2 FR2 FR3
ORI6NTATIGN OF THE TWO COORDINAT£S.SYSTEMS
2 . 9 8 2 5 2  1 2 7 . 3 4 6 7 1  1 0 9 . 3 U 9 1 6  0 . 0  0 . 0  0 . 0





0 . 0 0 . 0
THEIR STANDARD DEVIATIONS
0 . 0 4 4 3 8  1 . 0 9 2 7 9  3 . 5 5 5 3 3 * * * * * * * * * * * * * * . * * * * * ¥ * * * * * * * * * * * * * * * * * * * *
AND THEIR DERIVATIVES
—0 . 0 0 0 6 7  - 0 . 0 0 5 5 6  0 . 0 0 0 6 5 * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
*********** ****$****** **+**.+ * ************** ********************************************* *
SIGMA
0 . 2 1 4 2 4
F ig u r e  26 -  T y p ic a l  O u tp u t  f o r  C o r r e l a t i o n  B etw een  L IS  a n d  G e o m e tr ic a l  F a c t o r s  
( c o n t in u e d  on  n e x t  p a g e ) .  S ee  l e g e n d ,  p a g e  1 6 7 .
ROTAMER ANGLES, POPULATIONS AND ‘ORIENTATION OF ORIGINAL SYSTEM WITH LANTHANIDE COORDINATES
AS THE ANGLE BETWEEN EACH PAIR OF AXES 
MAG -  L X.LN -  X Y.LN -  Y
1 0 9 . 3 0 9 1 6  1 . 0 0 0 0 0 0 . 0 o • c O.C
COORDINATES AND SHIFTS AFTER CONVERGENCE
XX YY Ll RI CT AXIAL PERP SA SC SO D
H -2 1 . 9 1 0 - 0 . 3 6 4 3 . 3 8 9 3 . 9 3 3 3 0 . 5 1 2 2 4 , 3 1 7 0 . 0 2 4 . 3 1 7 2 4 . 3 1 7 2 4 . 3 0 0 - 0 . 0 1 7
H3-X 2 . 7 C 1 1 . 3 9 0 3 . 8 3 3 4 . 8 9 1 3 6 . 3 9 8 8 . 6 3 5 0 . 0 8 . 6 8 5 8 . 6 8 5 8 . 6 5 0 - 0 . 0 3 5
H3-N 1 . 1 1 1 2 . 1 4 3 3 . 3 6 9 4 .  144 3 5 . 6 2 2 1 6 . 6 5 0 0 . 0 1 6 . 6 5 0 1 6 . 6 5 0 1 6 . 6 3 0 - 0 . 0 2 0
H - 4 1 . 3 0 6 2 . 6 0 5 5 . 9 1 2 6 . 7 0 8 2 8 . 2 0 1 5 . 3 1 4 0 . 0 5 . 3 1 4 5 . 3 1 4 5 . 5 7 0 0 . 2 5 6
H6-N - 1 . 3 2 3 0 .  Uo4 4 . 8 0 9 4 . 9 3 8 1 5 . 3 9 7 1 7 . 3 8 5 0 . 0 1 7 . 3 8 5 1 7 . 3 8 5 1 7 . 3 6 0 - 0 . 0 2 5
1-ME 0 . 8 1 7 - 2 . 3 2 6 5 . 5 0 8 6 . 0 3 4 2 4 . 1 1 1 8 . 2 3 2 0 . 0 8 . 2 3 2 8 . 2 3 2 8 . 4 7 0 0 . 2 3 8
ME 7S 3 . 5 4 2 - 0 . U 7 7 6 . 0 6 7 7 . 0 2 6 3 0 . 2 8 6 4 . 3 0 3 0 . 0 4 . 3 0 3 4 . 3 0 3 4 . 2 2 0 - 0 . 0 8 3
M.E7A 1 . 5 6 4 0 . 2 8 3 8 . 0 2 8 8 . 1 8 3 1 1 . 1 9 8 4 . 1 5 3 0 . 0 4 . 1 5 3 4 . 1 5 3 3 . 8 4 0 - 0 . 3 1 3
H-5N - 0 . 7 4 5 2 . 3 3 7 5 . 0 2 1 5 . 5 8 8 2 6 . 0 3 8 9 . 8 2 8 0 . 0 9 . 8 2 8 9 . 8 2 8
H-5X - 0 . 5 0 9 1 .  9 o 4 6 . 7 8 7 7 . 0 3 4 1 6 . 6 4 8 5 . 9 5 1 0 . 0 5 . 9 5 1 5 . 9 5 1
H-6X - 1 . 0 1 5 - 0 . 0 3 4 6 . 6 0 0 6 . 6 7 7 8 . 7 5 0 7 . 8 2 1 ■ 0 . 0 7 . 8 2 1 7 . 3 2 1
1H10 1 . 8 3 1 - 2 . 3 0 7 5 . 2 4 5 6 . 0 1 5 2 9 . 3 1 6 7 . 0 9 8 0 . 0 7 . 0 9 8 7 . 0 9 8
2H10 0 . 5 3 2 - 2 . 2 0 7 6 . 5 1 0 6 . 3 9 4 1 9 . 2 2 5 6 . 1 6 5 0 . 0 6 . 1 6 5 6 . 1 6 5
3H 10 0 . 0 3 6 - 2 . 4 6 3 4 .  768 5 . 3 6 8 2 7 . 3 3 6 1 0 . 6 6 4 0 . 0 1 0 . 6 6 4 1 0 . 6 6 4 .
1H7S 3 . 3 2 6 - 0 . 9 9 6 6 . 5 1 7 7 . 3 8 4 2 8 . 0 5 1 4 . 0 0 4 0 . 0 4 . 0 0 4 4 . 0 0 4
2H7S 3 . 7 8 7 0 . 7 5 2 6 . 6 6 0 7 . 6 9  8 3 0 . 0 9 8 3 . 2 9 3 . 0 . 0 3 . 2 9 3 3 . 2 9 3
3H7S 3 . 5 1 5 0 . 0 1 6 5 . 0 2 3 6 . 1 3 0 3 4 . 9 8 1 5 . 3 0 9 0 . 0 5 . 3 0 9 5 . 3 0 9
1H7A 1 . 8 4 0 - 0 . 7 2 7 7 . 9 7 3 8 . 2 1 5 1 3 . 9 3 3 3 . 9 7 3 0 . 0 3 . 9 7 3 3 . 9 7 3
2H7A 2 . 3 0 0 1 . 0 2 4 8 . 1 1 7 8 . 4 9 8 1 7 . 2 3 4 3 . 4 1 3 0 . 0 3 . 4 1 3 3 . 4 1 3
3H7A 0 . 5 5 1 0 .  5 5c 7 . 9 9 2 8 . 0 3 0 5 . 5 7 7 4 . 5 9 2 0 . 0 4 . 5 9 2 4 . 5 9 2
C .C . 0  . 0 0 . 0 2 . 9 8 3 2 . 9 8 3 0 . 0 9 0 . 9 2 9 0 . 0 9 0 . 9 2 9 9 0 . 9 2 9
K/IOOO SIG  RFaCTOR 
1 . 2 0 6  0 . 2 1 *  1 . 2 9 0




T h e o r e t i c a l  T r e a tm e n t  f o r  C o m p e t i t iv e  E x p e r im e n ts  
i n  t h e  F o rm a tio n  o f  1 :1  A d d u c ts
C o n s id e r  t h e  f o l l o w in g  s y s te m :
'  ka
A + R 1 — ► A*R
s  (53)
B + R 1 — »  B*R
w h e re  A a n d  B a r e  tw o  in d e p e n d e n t  s u b s t r a t e s  a n d  R t h e  s h i f t  r e a g e n t .  
E g r e s s i o n s  f o r  K 's  i n  e q u a t i o n  53 a r e :
[a *r ] 




w h e re  a l l  t e r m s  a r e  c o n c e n t r a t i o n s  a t  e q u i l i b r i u m  o f  t h e  s p e c i e s  i n v o l v e d .  
T h e i r  r a t i o , i s :
K»  [A -pJ [Bj
r  Tb*r1~ [a T  <55)
a n d ,  b y  m ass  b a l a n c e :
[a ] = a  -  [a *r ]
°  (56)
tB] »  Bo  -  [B*R]
w h e re  A a n d  B r e p r e s e n t  i n i t i a l  c o n c e n t r a t i o n s  o f  t h e  r e s p e c t i v e  s u b s t r a t e s ,  o  o
I f  x  ■ [A *r] a n d  y  =» [B * r] ,  t h e n  t h e  c h e m ic a l  s h i f t  o f  A ( 6 ft) w i l l  
b e  s h i f t  f ro m  t h e  o r i g i n a l  p o s i t i o n  (6 ft f r e e » a b s e n c e  o f  t h e  s h i f t
r e a g e n t )  b y  an  am o u n t p r o p o r t i o n a l  t o  t h e  m o la r  f r a c t i o n  o f  A b o u n d  t o  
t h e  s h i f t  r e a g e n t .  A n a lo g o u s  c o n s i d e r a t i o n s  f o r  B a f f o r d s :
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SA "  5A f r e e  + A AA o
6  a 6  _ +  AB B f r e e  B B o
w h e re  A^ a n d  Afi r e p r e s e n t  t h e  c h e m ic a l  s h i f t s  o f  t h e  1 :1  a d d u c t s  w i th  
r e s p e c t  t o  t h e  o r i g i n a l  v a l u e s  f r e e  3 0 ( 3  f r e e » r e s p e c t i v e l y ) .  
F rom  e q u a t i o n  5 7 :
(6 .  -  <5. -  > AA A f r e e  o ---------------- 5 - ------------
(57)
(58)
(6B “  5b  f r e e *  Boy   ----------------
B
S u b s t i t u t i n g  e q u a t i o n s  56 a n d  58 i n t o  5 5 :
K -  —  *  B ~ B f r e e  (59)
r  ^  aa  ( '
6A ”  6 A f r e e
a n d  r e a r r a n g i n g  e q u a t i o n  5 9 :
1 ^B 1 + _L / i I /6n\
5»  -  SA f r e e  '  KA A»  6B '  6B f r e e  *A I '  KA J
L e a s t  s q u a r e  f i t  t o  t h e  s t r a i g h t  l i n e  o f  e q u a t i o n  60  i s  p e r f o r m e d  
f o l l o w i n g  s t a n d a r d  p ro c e d u r e s * -**^.
I n s t r u m e n t a l  E r r o r  A n a ly s i s
T he i n s t r u m e n t a l  e r r o r s  i n  l / ( 6 ft -  f r e e ) i s  g iv e n  b y  t h e
d e r i v a t i v e  o f  t h e  e x p r e s s i o n :
il 1  ^ d (6 A "  6a  f r e e *  (C1)
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I f  6 ' s  a r e  m e a s u re d  i n  t h e  ppm s c a l e ,  t h e  p r e c i s i o n  i n  t h e i r  m a g n i tu d e
i s  ± 0 .0 2  ppm . S o , t h e  p r e c i s i o n  f o r  1 /6  (w h e re  6  ** 6 ft -  6 ft fzee) i n ~
c r e a s e s  w i t h  t h e  s q u a r e  o f  t h e  m a g n itu d e  o f  t h e  o b s e r v e d  s h i f t s .  T a b le
51 g i v e s  v a l u e s  f o r  few  r e p r e s e n t a t i v e  6 , f ro m  w h ic h  i t  i s  c l e a r  t h a t
h ig h  v a l u e s  o f  6  a r e  d e s i r a b l e .  F u r th e r m o r e ,  i f  h i g h  s h i f t s  a r e  m e a s u r e d ,
e v e n  t h e  u n c e r t a i n t i e s  i n  t h e  6  .  v a l u e s  i n t r o d u c e  o n ly  a  s m a l l  e r r o rf r e e
i n  t h e  1 / 6  e x p r e s s i o n .
TABLE 51
M a g n itu d e  a n d  A s s o c i a t e d  E r r o r s  f o r  1 /6  E x p r e s s io n s .
6  ( i n  ppm) 1 /6  d ( l / 6 ) a  % E r r o r
0 . 1  1 0 . 4 40%
1 . 1 . 0 .0 4  4%
5 . 0 .2  1 .6  x  10 " 3  0.8%
1 0 . 0 . 1  4 x  10 ~ 4  0.4%
a ) d ( 6 ft -  6 ft f r e e ) ■ d 6  = 0 .0 4  ppm .
The d e t e r m i n a t i o n  o f  K a n d  A b y  p l o t t i n g  Lq  v s .  1 /6  a t  c o n s t a n t  [ R ] , 
r e v ie w e d  i n  t h e  I n t r o d u c t i o n ,  r e q u i r e s  low  v a l u e s  o f  [ R ] . As a  c o n s e q u e n c e ,  
h i g h  v a l u e s  f o r  1 / 6  r e s u l t  w h ic h  a r e  show n t o  b e  a s s o c i a t e d  w i t h  a  h ig h  
u n c e r t a i n t y .  E ven  i f  s p e c t r a  w e re  r e c o r d e d  w i t h  a n  e x p a n d e d  s c a l e ,  i n
o r d e r  f o r  1 /6  «  10 ppm ^ b e  a s s o c i a t e d  w i t h  an  e r r o r  ± 0 . 5  ppm \  a
p r e c i s i o n  o f  0 .0 0 5  ppm i s  r e q u i r e d  f o r  6 ft -  6 ft f  e » T h is  i s  e s p e c i a l l y
d i f f i c u l t  i n  t h e s e  t y p e s  o f  s p e c t r a  b e c a u s e  o f  b r o a d e n in g  o f  s i g n a l s
p r o d u c e d  b y  t h e  s h i f t  r e a g e n t .
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Standard Deviations for K  and A
The errors associated with K  and A from each straight line 
analysis are calculated by simple derivation. If m  and b sure the slope 
and the intercept respectively for 1/6 vs . 1/6 plots, then:
1— • ■ —  ■ 1 — b A (62)
K K Ar A
d ——’ 31 b dA + A. db (63)K , A AA
and
■“ b * r -  « »  + ka d i r  (64)
A A
F u r th e r m o r e :






B “  s
ka
a n d KL K_
—  (A, dm + m dA.) -  m A. d-—-  
K A A A K
dA a  ..........  1 ± 1   (6 6 )
ka
107By s t a t i s t i c a l  a n a l y s i s  , f o r  n  o b s e r v a t i o n s  o f  a  q u a n t i t y  A , 
e a c h  o n e  a s s o c i a t e d  w i t h  a  s t a n d a r d  d e v i a t i o n  ( i  “  l , . . . , n ) ,  t h e  
s ta n d s u rd  d e v i a t i o n  o f  t h e  a v e r a g e  o f  t h e  A^ v a l u e s  (a )  i s  g iv e n  b y :
a2 « £  ( l/a2 ) 1 (67)
i « l
E q u a t io n  67 w as u s e d  t o  e s t i m a t e  a v a l u e s  f o r  e q u i l i b r i u m  c o n s t a n t s  
a n d  A fro m  a l l  c o m p e t i t i v e  e x p e r im e n t s .
APPENDIX 3
G e n e r a l  I t e r a t i o n  P r o c e d u r e  f o r  E q u i l i b r i a  P ro g ra m s
T he g e n e r a l  p r o c e d u r e  f o r  t h e  r e s o l u t i o n  o f  e q u i l i b r i u m  s y s te m s
i s  d e s c r i b e d  i n  t h i s  a p p e n d ix  a n d  i s  b a s e d  on  t h e  i t e r a t i v e  p r o c e s s  o f  
108M a rq u a rd t
m < n :
L e t  f , b e  f u n c t i o n s  o f  m p a r a m e t e r s , w i t h  t h e  c o n d i t i o n  l  n
f i  “  f i
(68)
w h e re  t , , . . . , t  a r e  t h e  i n d e p e n d e n t  v a r i a b l e s .
1  m
L e t  F , . . . . , F b e  t h e  o b s e r v e d  v a l u e s  o f  e a c h  f u n c t i o n  w h ic h  l e a d s  l  n
t o  t h e  p ro b le m  o f  d e t e r m in i n g  s o  t h a t :
a2 ** ^  ( f ^  -  F ^ ) 2  »  m inim um  (69)
i = l
S o :
a t  -
3 t . 0 .  »  ^  ( f A -  F ^  f o r  j  »  l , . . . , m
(70)
3  i “ l
L e t  a . , . . . , a  b e  i n i t i a l  g u e s s e s  o f  t h e  t .  p a r a m e t e r s ,  s o  b y  ■L m 3
d e v e lo p in g  i n  a  T a y l o r  s e r i e s :
w h e re  o n l y  t h e  f i r s t  d e r i v a t i v e s  a r e  c o n s i d e r e d .
T he p r o c e s s  i s  a n a lo g o u s  t o  t h e  o n e  d e s c r i b e d  i n  A p p e n d ix  1 , 
s i n c e  b y  s u b s t i t u t i n g  e q u a t i o n  71  i n t o  7 0 ,  t h e  f o l l o w i n g  m a t r i x  
e x p r e s s i o n  r e s u l t s :
£  T, »  £  (72)
w h e re  A i s  a  mxm m a t r i x ,  T a n d  C a r e  v e r t i c a l  m a t r i c e s  m x l .  T h e i r  
e l e m e n ts  a r e  d e f i n e d  a s :
r *  3 f i  3£i
1 *  L  3 \  
1 * 1
Tj  "  A tj  (73)
c -  '  E  <Fi  ■ V  5 T' j
i « l  3
M a tr ix  JA i s  n o r m a l i z e d ,  t h a t  i s  a  new  m a t r i x  i s  c o n s t r u c t e d ,  




i ' k  C — T T  (74)j K,k
A X f a c t o r  i s  a d d e d  t o  t h e  d i a g o n a l  e l e m e n ts  o f  JB, w h ic h  i s  s e t  e q u a l  t o  
0 .0 0 1  a t  t h e  b e g in n in g  o f  t h e  p ro g ra m . T he p u r p o s e  o f  X w i l l  b e  e x p l a i n e d  
a t  t h e  e n d  o f  t h i s  a p p e n d ix .
M a tr ix J B ,  m o d i f i e d  by t h e  X f a c t o r s ,  i s  i n v e r t e d ,  a n d  t h e  p a r a ­
m e te r  i n c r e m e n t s .  At ^ ,  a r e  c a l c u l a t e d  by:
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— 1  2  w h e re  B . . r e p r e s e n t s  t h e  j , k  e le m e n t  o f  t h e  i n v e r t e d  m a t r i x  B . 0  i s3 ,K
c a l c u l a t e d  w i t h  t h e  t ^  a n d  w i t h  t h e  t ^  + A t^ p a r a m e t e r s ,  s o  tw o  causes 
may r e s u l t :
1) 0 2 (t.) > 0 2 (t. + At.), i n  w h ic h  c a s e  X i s  d e c r e a s e d  b y  a
3 j  J
f a c t o r  o f  1 0 , t h e  new p a r a m e t e r s  a r e  s e t  t o  t ^  + A t ^ , new  d e r i v a t i v e s  
a t  t j  + A tj  a r e  c a l c u l a t e d  a n d  t h e  i n t e r a t i o n  i s  r e p e a t e d  s t a r t i n g  fro m  
t h e  c o n s t r u c t i o n  o f  new K, JB, a n d  £  m a t r i c e s ;
2) a 2 (t.) < a 2 (t, + At.), i n  w h ic h  c a s e  X i s  i n c r e a s e d  b y  a
3 3 3
factor of 10, the matrix B is modified with the new X and the iteration
p r o c e s s  i s  r e p e a t e d  s t a r t i n g  fro m  t h e  i n v e r s i o n  o f  t h e  m o d i f i e d  JB m a t r i x .
2  —4
When t h e  d i f f e r e n c e  b e tw e e n  t h e  tw o  0 i s  l e s s  t h a n  0.1% an d  X < 10 ,
t h e  i t e r a t i o n  p r o c e d u r e  i s  s t o p p e d .
F u n c t io n  o f  X
The g r a d i e n t - e x p a n s i o n  a l g o r i t h m  c o m b in e s  t h e  a d v a n ta g e s  o f  t h e  
g r a d i e n t  s e a r c h  m in im iz a t io n  w i t h  t h e  m e th o d  o f  l i n e a r i z i n g  t h e  f i t t i n g  
f u n c t i o n  b y  e x p a n s io n  i n  a  T a y lo r  s e r i e s .
The g r a d i e n t  s e a r c h  p r o c e s s ,  a s  i t s  nam e s u g g e s t s ,  i n v o l v e s  t h e  
a p p r o a c h  o f  t h e  m inim um  b y  t h e  d i r e c t i o n  o f  s t e e p e s t  d e s c e n t .  I t  i s  v e r y  
e f f e c t i v e  when a p p r o a c h in g  t h e  minimum fro m  f a r  aw ay , b u t  d o e s  n o t  c o n v e rg e  
r a p i d l y  i n  i t s  n e ig h b o r h o o d ,  s i n c e  i t  i s  d i f f i c u l t  t o  a s y n t o t i c a l l y  a p p ro a c h  
t h e  b o t to m  o f  t h e  m inim um .
On t h e  o t h e r  h a n d ,  t h e  l i n e a r i z a t i o n  o f  t h e  f u n c t i o n  b y  e x p a n s io n  
t o  a  T a y lo r  s e r i e s  w i l l  c o n v e rg e  v e r y  r a p i d l y  i n  t h e  v i c i n i t y  o f  t h e  
m inim um , b u t  l e s s  e f f e c t i v e l y  when t h e  s t a r t i n g  p o i n t  ( t h a t  i s ,  t h e  t . .  
p a r a m e te r s )  i s  f a r  aw ay fro m  t h e  s o l u t i o n .
By altering the diagonal elements of the matrix B , the X factor
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w i l l  c o n t r o l  w h ic h  o f  t h e  tw o  m e th o d s  t o  b e  o f  a  m a jo r  c o n t r i b u t i o n  
t o  t h e  m in im iz a t io n  p r o c e s s t
1) I f  X i s  v e r y  s m a l l ,  t h e  l i n e a r i z a t i o n  o f  t h e  f u n c t i o n  w i l l  
p r e d o m in a te ,  a n d  t h e  m inim um  w i l l  b e  l o c a t e d  i n  few  i t e r a t i o n s  i f  i n  
i t s  n e ig h b o rh o o d .
2 ) I f  X i s  v e r y  l a r g e ,  t h e  d i a g o n a l  te rm s  i n  t h e  B m a t r i x  w i l l  
p r e d o m in a te  a n d  t h e  m a t r i x  e q u a t i o n  72 w i l l  d e g e n e r a te  i n t o  m s e p a r a t e  
e q u a t i o n s ,  t h a t  a r e  i d e n t i f i e d  w i t h  t h e  g r a d i e n t  s e a r c h  p r o c e d u r e .
I n  a d d i t i o n  t o  d e c r e a s i n g  t h e  n u m b er o f  i t e r a t i o n s  n e c e s s a r y  t o  
o b t a i n  c o n v e r g e n c e ,  c o m p u ta t io n a l  t im e  i s  a l s o  d e c r e a s e d ,  s i n c e  c a l c u l a ­
t i o n  o f  d e r i v a t i v e s  i n  e a c h  i t e r a t i o n  i s  n o t  n e c e s s a r y  i f  X i s  g o in g  t o  
b e  i n c r e a s e d  i n  t h a t  p a r t i c u l a r  s t e p .
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APPENDIX 4
T h e o r e t i c a l  C a l c u l a t i o n  o f  C o m p e tin g  S u b s t r a t e s  
(1 : 1  a n d  2 : 1  A d d u c ts )
L e t  u s  c o n s i d e r  t h e  t h e o r e t i c a l  p ro b le m  o f  c a l c u l a t i n g  t h e  
e q u i l i b r i u m  c o n c e n t r a t i o n s  o f  t h e  s p e c i e s  i n v o l v e d  i n  e q u a t i o n  7 6 : 
ka
A + R -j -♦  A*R
S i
B + R ' "»  B»R (76)
B*R + B «  >  B2 *R
T he i n p u t  p a r a m e t e r s  a r e  K ^ ,  , Aq , B ^ , a n d  Rq  (w h e re  t h e  o
s u b s c r i p t  r e f e r s  t o  t h e  i n i t i a l  c o n c e n t r a t i o n s  o f  t h e  s u b s t r a t e s  A 
a n d  B , a n d  t h e  s h i f t  r e a g e n t , R ) . T he f o l l o w i n g  r e l a t i o n s  m u s t  b e  
s a t i s f i e d :
KA - T » T T * r
*B1 -  i f t  <77)
[b2 - kI
*B2 “  [B*r1 [B]
w h e re  e x p r e s s i o n s  i n  b r a c k e t s  r e p r e s e n t  e q u i l i b r i u m  c o n c e n t r a t i o n s  
o f  t h e  s e v e r a l  s p e c i e s .  L e t :
[A»R] ■ x
[B«R] ■ y  (78)
{b2 « r ]  -  z
t h e n ,  b y  m ass  b a l a n c e ,  a t  e q u i l i b r i u m :
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[R] ■ R -  x  -  y  -  z  o
[A] -  A -  x  (79)o
[B] ■ Bq  -  y  -  2 z  
S u b s t i t u t i n g  e q u a t i o n s  79  i n t o  7 7 :
A (A -  x ) (R -  x  -  y  -  z )  o  o
^ 1  (B -  y  -  2 z )  (R -  X -  y  -  z )  
o  o
I-------------------------  (80 )
K,B2 y  (Bq -  y  -  2 z )
S in c e  an  a n a l y t i c a l  s o l u t i o n  o f  t h i s  p ro b le m  c o u ld  b e  q u i t e  c o m p l i c a t e d ,  
an  i t e r a t i v e  p r o c e s s  i s  p r e f e r r e d .  T he f o l l o w i n g  e q u a l i t i e s  r e l a t e  t h e  
p r e s e n t  p ro b le m  ( c a l c u l a t i o n  o f  x ,  y ,  a n d  z )  w i t h  t h e  n o m e n c la tu r e  u s e d  
i n  A p p e n d ix  3 :
f l  = KA
f 2 - * B l
f 3 - * B 2
t l - x
t 2 * y 
t 3  -  z
I n  o r d e r  t o  a p p ly  t h e  p r o c e d u r e  d e s c r i b e d  i n  A p p e n d ix  3 ,  t h e  
















K. i + r - i r r  +A t  x  A - x  R - x - y  
1 o  o -  z
3K. K.
dz  Rq  -  x  -  y  -  z
*B1





i +  --------- 1---------- + ■ i ------x  B -  y  -  2 z  R - x - y  o  o -  z
B - y - 2 z  R - x - y - z  o  o
Bq -  y  -  2z  y
*B2 I z  + B -  y  -  2z
(82)
When t h e  m inim um  i s  r e a c h e d  (0 2  w i l l  b e  z e r o ,  s i n c e  t h e r e  a r e  
t h r e e  o b s e r v a t i o n s  w i t h  t h r e e  r e s t r i c t i o n s ) , t h e  c h e m ic a l  s h i f t s  (SC) 
a n d  t h e i r  r e c i p r o c a l s  (1 /S C ) a r e  c a l c u l a t e d :
SC = —  A A
SCB "  AB1 + B AB2o  O
(83)
O u tp u t  i n c l u d e s  v a l u e s  o f  x ,  y ,  z ,  SCA, SC0 , 1 /S C A, a n d  1 /S C R , a lo n g  w i t hB '
t h e  i n i t i a l  c o n c e n t r a t i o n s  o f  A , B , a n d  R.
Figure 27 is an example for the data represented in Figure 12.
SUBSTRATE A FORMS ONLY 1 : 1  COMPLEXES, PRINTED RESULTS CORRESPOND TO VALUES OF:
K = 1 0 0 . 0 0 0 0  SHIFT OF 1 : 1  = 2 0 . 0 0 0 0
SUBSTRATE B FORMS 1 : 1  AND 2 : 1  COMPLEXES, PRINTED RESULTS CORRESPOND TO VALUES OF:  
K1 = 1 0 0 . 0 0 0 0  SHIFT CF 1 : 1  = 3 0 . 0 0 0 0




EQUILIBRIUM CONCENTRATION OF 
A-LN B-LN B I 2 J - L N
OBSERVED SHIFT OF 
A B
l/OBSERVED SHIFT OF 
A B
0 . 0 7 2 7 0 . 1 8 1 8 0 . 0 1 8 2 0 . 0 6 1 4 0 . 0 0 6 1 0 . 0 0 0 1 6 . 7 5 7 4 1 0 . 2 9 5 2 0 . 1 4 8 0 0 . 0 9 7 1
0 . 0 b 3 2 0 . 1 5 7 9 0 . 0 4 2 1 0 . 0 4 6 5 0 . 0 1 2 2 0 . 0 0 0 4 5 . 0 8 8 1 9 . 1 9 0 0 0 . 1 6 9 8 0 . 1 0 8 8
U . 05 38 0 . 1 3 9 5 0 . 0 6 0 5 0 . 0 3 6 2 0 . 0 1 5 4 0 . 0 0 0 7 5 . 1 9 6 6 8 . 2 8 9 0 0 . 1 9 2 4 0 . 1 2 0 6
0 . 0 5 0 0 0 . 1 2 5 0 0 . 0 7 5 0 0 . 0 2 7 0 0 . 0 1 7 0 0 . 0 0 1 0 4 . 6 4 6 4 . 7 . 5 5 4 2 0 . 2 1 5 2 0 .  132 4
0 . 0 4 5 3 0 . 1 1 3 2 0 . 0 8 6 8 0 . 0 2 3 7 0 . 0 1 7 7 0 . 0 0 1 2 4 . 1 9 5 9 6 . 9 3 9 5 0 . 2 3 8 3 0 . 1 4 4 1
0 . 0 4 1 3 • 0 . 1 0 3 4 0 . 0 9 6 6 0 . 0 1 9 7 0 . 0 1 7 9 0 . 0 0 1 4 3 . 8 1 0 5 6 . 3 9 9 3 0 . 2 6 2 4 0 . 1 5 6 3
0 . 0 7 2 7 0 . 0 1 b 2 0 . 1 8 1 8 ' 0 . 0 0 6 0 0 . 0 5 5 5 0 . 0 0 6 3 6 . 5 6 4 1 1 1 . 2 4 9 9 0 . 1 5 2 3 0 . 0 8 8 9
0 . 0 6 3 2 0 . 0 4 2 1 0 . 1 5 7 9 0 . 0 1 2  1 0 . 0 4 2 6 0 . 0 0 4 5 5 . 7 2 4 9 9 . 8 1 8 7 0 . 1 7 4 7 0 . 1 0 1 8
0 . 0 5 5 8 0 . 0 6 0 5 0 . 1 3 9 5 0 . 0 1 5 4 0 . 0 3 3 7 ' 0 . 0 0 3 4 5 . 0 7 4 6 8 . 6 9 0 2 0 . 1 9 7 1 0 . 1 1 5 1
0 . 0 5 0 0 0 . 0 7 5 0 0 . 1 2 5 0 • 0 . 0 1 7 1  ' 0 . 0 2 7 4 0 . 0 0 2 5 4 . 5 6 6 5 7 . 7 8 7 8 0 . 2 1 9 0 0 . 1 2 8 4
0 . 0 4 1 3 0 . 0 9 6 6 0 . 1 0 3 4 0 . 0 1 8 4 0 . 0 1 9 1 0 . 0 0 1 6 3 . 7 9 9 2 6 . 4 2 8 8 0 . 2 6 3 2 0 . 1 5 5 5
0 . 3 6 3 6 0 . 4 5 4 5 . 0 . 0 4 5 5 0 . 3 1 1 0 0 . 0 3 0 5 0 . 0 0 0 4 . 1 3 . 6 8 3 8 2 0 . 7 0 5 2 0 . 0 7 3 1 0 . 0 4 8 3
0 . 3 1 5 8 0 . 3 9 4 7 0 . 1 0 5 3 0 . 2 3 7 7 0 . 0 6 0 5 . 0 . 0 0 2 4 1 2 . 0 4 6 0 1 8 . 6 1 7 7 0 . 0 8 3 0 0 . 0 5 3 7
0 . 2 5 0 0 0 . 3 1 2 5 0 . 1 8 7 5 0 . 1 5 0 3 0 . 0 8 3 0 0 . 0 0 7 4 9 . 6 1 8 1 1 5 . 6 6 2 8 0 . 1 0 4 0 0 . 0 6 3 8
0 . 2 2 b 4  . 0 . 2 8 3 0 0 . 2 1 7 0 0 . 1 2 3 1 0 . 0 8 6 0 0 . 0 0 9 6 8 . 6 9 3 2 1 4 . 5 4 5 5 0 . 1 1 5 0 0 . 0 6 8 7
0 . 3 6 3 6 0 . 0 4 5 5 0 . 4 5 4 5 0 . 0 3 2 1 0 . 2 7 5 8 0 . 0 3 1 8 1 4 . 1 0 8 5 2 2 . 3 9 9 3 0 . 0 7 0 9 0 . 0 4 4 6
0 . 3 1 5 8 0 . 1 0 5 3 0 . 3 9 4 7 0 . 0 6 4 5 0 . 2 0 8 1 0 . 0 2 7 4 1 2 . 2 4 6 7 1 9 . 9 8 6 9 0 . 0 8 1 7 0 . 0 5 0 0
0 . 2 7 9 1 0 . 1 5 1 2 0 . 3 4 8 8 0 . 0 8 1 4 0 . 1 6 3 2 0 . 0 2 2 9 1 0 . 7 6 7 7 1 7 . 9 6 7 8 0 . 0 9 2 9 0 . 0 5 5 7
0 . 2 5 0 0 0 . 1 8 7 5 0 . 3 1 2 5 G .0 9 0 0 0 . 1 3 2 1 0 . 0 1 8 7 9 . 6 0 0 8 1 6 . 2 6 9 0 0 . 1 0 4 2 0 . 0 6 1 5
0 . 2 2 6 4 0 . 2 1 7 0 0 . 2 8 3 0 0 . 0 9 4 0 0 . 1 0 9 1 0 . 0 1 5 6 8 . 6 6 7 0 1 4 . 8 7 2 4 0 . 1 1 5 4 0 . 0 6 7 2
0 . 2 0 6 9 0 . 2 4 1 4 0 . 2 5 8 6 0 . 0 9 5 4 0 . 0 9 2 0 0 . 0 1 2 9 7 . 9 0 6 1 1 3 . 6 7 5 1 0 . 1 2 6 5 0 . 0 7 3 1
F ig u r e  27 -  T h e o r e t i c a l  A n a ly s i s  o f  1 :1  an d  2 : 1  A d d u c ts  F o rm a tio n  f o r  B.
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APPENDIX 5
D i r e c t  D e te r m in a t io n  o f  E q u i l i b r iu m  C o n s ta n t  a n d  A
T h is  a p p e n d ix  c o n s i d e r s  t h e  c a l c u l a t i o n  o f  e q u i l i b r i u m  c o n s t a n t  
a n d  A f o r  e q u a t i o n  8 4 ,  w h e re  A i s  a  s u b s t r a t e  w i t h  n  g r o u p s  e a c h  p r o ­
d u c in g  a  d i f f e r e n t  s i g n a l  i n  t h e  nm r s p e c tr u m .
A + R ~ T »  A-R (84)
U s in g  a  n o m e n c la tu r e  s i m i l a r  t o  t h e  o n e  a l r e a d y  i n t r o d u c e d  i n  A p p e n d ix  2 :
K -  (a  -  , r ( k  -  <85)o  o
SC. . »  6. -  + ■—  A. ( 8 6 )j , i  3  f r e e  Aq  3
w h e re  x  i s  t h e  c o n c e n t r a t i o n  o f  t h e  a d d u c t ,  A a n d  R r e p r e s e n t  t h e  i n i t i a lo  o
c o n c e n t r a t i o n s  o f  t h e  s u b s t r a t e  a n d  t h e  s h i f t  r e a g e n t  r e s p e c t i v e l y  i n  t h e  i
o b s e r v a t i o n ,  SC, . r e f e r s  t o  t h e  c h e m ic a l  s h i f t  o f  g ro u p  j  i n  A f o r  t h e  i  
3 r 1
o b s e r v a t i o n ,  A_. r e f e r s  t o  t h e  c h e m ic a l  s h i f t  o f  t h e  g ro u p  j i n  t h e  a d d u c t  
t a k i n g  <5^  f r e e  a s  r e f e r e n c e »
S o lv in g  e q u a t i o n  85 f o r  x :
X " 7  [ Ao + Ro  + K ~ Ro ) 2  + k T  + 2   ° " k " “ '9'  ]  (87)
w h e re  t h e  n e g a t i v e  s i g n e d  s o l u t i o n  t o  t h e  q u a d r a t i c  e q u a t i o n  i s  s e l e c t e d
i n  o r d e r  t o  f u l f i l l  t h e  r e q u i r e m e n t  0  < x  < A a n d  0  < x  < R .
0 0
The a n a lo g y  w i t h  t h e  p r o c e d u r e  u s e d  i n  A p p e n d ix  3 i s  e v i d e n t  i f :  
f j , i  "  SCj , i
fcl  “  K (88)
fc2 j  “  6 j  f r e e
t  «  A 
2 j + l  j
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From  e q u a t i o n s  8 6  a n d  8 7 ;
3SC. A. * A.
_ 1 „  _ 1  J *  „  ------L _ _
3k a  3k  2A K2O O ^(A q -
3sc.
5 s Ah  f r e e
A + R + K o  o
-i
R ) 2  + K- 2  + 2 (A +R ) K~l O O O
3SC.
0 f o r
1\ f o r





T he m in im iz a t io n  c r i t e r i a  i n v o l v e  an  e x p r e s s i o n  s l i g h t l y  d i f f e r e n t  
fro m  t h e  o n e  i n  A p p e n d ix  3 ,  a n d  i t  i s :
n  m
js» l i = l
(SC. . SO. . ) 2 minimum (90)
w h e re  m r e f e r s  t o  t h e  num ber o f  o b s e r v a t i o n s  c o r r e s p o n d in g  t o  e a c h  g ro u p  j .  
The m in im iz a t io n  p r o c e d u r e  i s  a l s o  t h e  g r a d i e n t - e x p a n s i o n  m e th o d  w i t h  t h e  
c o r r e s p o n d in g  A a n d  <2 m a t r i c e s  a s  f o l l o w s :
1) A w i l l  b e  a  n + 1  x  n+1  m a t r i x  w hose e l e m e n ts  a r e  d e f i n e d  b y :
^  TT I 9sci  -i \ 2
Ai t i  Y  XI ( 3k
j = l  i = l  1
^  3SC. .  . 3SC .
* i , h - * h . i - E  ~ 3 A ^  f o r h - ‘ ..........n+1
i “ l
(91)
V h - £ ( ! ! f e i ) £ o r h “ 2  n + i
V h “ ° -  , o r
b i l k
h  a n d  k  ** 2 , . . . , n + l
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2) C w i l l  b e  a  n+1 x  1 m a t r i x ,  whose e l e m e n ts  a r e  d e f i n e d  by*
•w
j » l  i » l
(92 )
m
r~> ^SCh - l  i
° h  *  L,  (SOh - l , i  “  SCh - l , i } 3 A ^ '  f o r  h  "  2 ' * * * ' n + 1
i » l
APPENDIX 6
C a l c u l a t i o n  o f  K 's  a n d  A 's  f o r  t h e  C o m p e tin g  
S u b s t r a t e  B ( 1 :1  a n d  2 :1  A d d u c ts )
L e t  u s  r e a n a l y z e  t h e  s y s te m  d e s c r i b e d  i n  A p p e n d ix  4 ( t h a t  i s ,  
e q u a t i o n  9 3 ) ,  fro m  t h e  o p p o s i t e  p o i n t  o f  v ie w . A s e r i e s  o f  c h e m ic a l  
s h i f t s  f o r  A a n d  B a r e  a v a i l a b l e  i n  t h e  p r e s e n c e  o f  a  s h i f t  r e a g e n t  
a n d  t h e  p ro b le m  c o n s i s t s  i n  e v a l u a t i n g  K ^ ,  K0 2 , a n d  a s su m in g
t h a t  e q u i l i b r i u m  c o n s t a n t  a n d  A v a l u e s  f o r  A a r e  know n.
ka
a  + r  "*• a *r  
S i
B + R ? = ± B * R  (93)
S 2
B*R + n  ^  p
From  t h e  e x p r e s s i o n s  o f  t h e  e q u i l i b r i u m  c o n s t a n t s  o f  A p p e n d ix  4 
( e q u a t io n  7 7 ) ,  t h e  f o l l o w in g  e q u a t i o n s  a r e  d e r i v e d  ( i n  w h ic h  t h e  c o n c e n ­
t r a t i o n  o f  t h e  s h i f t  r e a g e n t  R i s  e l i m i n a t e d ) :
„  _ S  [A»R] [B]
r  K ,  [A] [B -r)S i
t y * i  (94)
S 2  “  fe* R] [B]
T he f o l l o w i n g  e q u a l i t i e s  r e l a t e  t h i s  p ro b le m  t o  t h e  g e n e r a l  p r o c e d u r e  
d e s c r i b e d  i n  A p p e n d ix  3 :
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w h e re  SC^ a r e  t h e  c a l c u l a t e d  c h e m ic a l  s h i f t s  f o r  s u b s t r a t e  B 
F o r  s u b s t r a t e  At
a n d  r e a r r a n g i n g :




s o ,  [a *r ] c a n  b e  c a l c u l a t e d  d i r e c t l y  fro m  t h e  c h e m ic a l  s h i f t s  o f  A i f
o n ly  A, i s  know n.A
U s in g  t h e  p r e v i o u s  n o m e n c la tu r e  o f  A p p e n d ix  4 :
[A®R] -  x  
(b® rJ *  y  
[b 2 ®r] -  z
t h e  c h e m ic a l  s h i f t s  f o r  B a r e  c a l c u l a t e d  f ro m :
o b t a i n e d  a f t e r  a  s u c c e s s f u l  i t e r a t i o n ) . V a lu e s  o f  y  a n d  z  jure c a l c u l a t e d
R e w r i t in g  e q u a t i o n  9 4 ,  u s i n g  t h e  ab o v e  n o m e n c la tu r e  f o r  [a *r ] ,  [B*r ] ,  a n d
s c i  ’  6b  t r e e  + I T  <y hBl * 2 2  AB2 > 
o
(98)
w h e re  6 _, „ ,  A , a n d  A a r e  t h r e e  i n i t i a l  g u e s s e s  ( o r  t h e  p a r a m e t e r sB f r e e  b i
w i t h  t h e  K a n d  K g u e s s e s  ( o r  t h e  r e s u l t i n g  fro m  a  s u c c e s s f u l  i t e r a t i o n ) .r
{B2 ®R] :
K « ------------- rr  y  (A -  x )O
x  (B -  y  -  2z) o
(99)
^B2 ”  y  (B -  y  -  2 z )  o
fro m  w h ic h ,  v a l u e s  o f  y  a n d  z  a r e  c a l c u l a t e d  b y :
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- (D + x ) + ^ D ( D  + 2 x  + 8 x  Bo  K ^ )  + X2 
y -  4 d T ^  2
Kg2 y  <b o -  y )
Z “  1  + 2  y S a
w h e re  D *  (Aq  -  x ) .
I t  i s  a l s o  n e c e s s a r y  t o  c a l c u l a t e  t h e  d e r i v a t i v e s  o f  SC^ w i th  
r e s p e c t  t o  e a c h  l i s t e d  i n  e q u a t i o n  9 5 . F o r  ( i  «  3 , 4 , 5 ) ,  b y  
d e r i v a t i o n  o f  e q u a t i o n  9 8 :
dS C .
■5 7 - — “  i*
B f r e e
dSC . i  y
3A .  "  B B l o
, * 
^ 7  B-B2 o
A ls o  fro m  e q u a t i o n  98
^  (  2 
3 k  b  Skr  o r
3SC AB1 3





w h e re  t h e  i  s u b s c r i p t  h a s  b e e n  e l i m i n a t e d  f o r  s i m p l i f i c a t i o n  p u r p o s e s ,  
b u t  i t  i s  t a c i t l y  i m p l i c i t .









3k  * 3k  -r  9y  r  3 z _
3k  3z 3k■* r  r









3K dK_ 3y  r  3z
- 5 7  X B2 3 z  S K ^
1 8K“  -2x- *
• '  3* 3KB2
3 k B2 3z 
3 z  S K ^
(104)
From  e q u a t i o n  1 0 3 , 3y /3K r  a n d  3z/3k^_ c a n  b e  c a l c u l a t e d ;  t h e  r e s p e c t i v e  
d e r i v a t i v e s  w i th  r e s p e c t  t o  K^ c a n  b e  o b t a i n e d  fro m  e q u a t i o n  1 0 4 .
From  e q u a t i o n  9 9 :
3K - ,
z= -  k   -------   —  + -3y r  B -  y  -  2 z  y
3Kr
*17 = - 2 B -  y  -  2 z  o  1
3 ^ 2  1
3y °  b 2 B -  y  -  2 z
^*Ss2  2
3z “  ^B 2  B -  y  -  2 z




T he common d e t e r m in a n t  f o r  t h e  s y s te m  o f  e q u a t i o n s  103 a n d  104 i s :
3kIT 3ky
“57
3 KB2 3 KB2
” 57“ 3z
" Kr  *B2
B -  2z  o
y  z  (Bq -  y  -  2 z ) (106)
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So, from equation 103:
3 jr_  y IBo  -  y )
dK K (B + 2 z )r  r  o
z  (B -  2y  -  2 z ) d z  o
(107)
8 k  "  "  K (B + 2 z) r  r  o
a n d  fro m  e q u a t i o n  1 0 4 :
J l --------- -?3L£.
* B 2  ^ 2  (Bo + 2 z )
(108)
3Z 25 (Bo  '  2Z)
*62  (Bo  + 2Z)
E q u a t io n s  1 0 1 , 107 a n d  108  a r e  u s e d  i n  t h e  g r a d i e n t - e x p a n s i o n  
i t e r a t i v e  m in im iz a t io n  p r o c e d u r e  d e s c r i b e d  i n  A p p e n d ix  3 .
A f t e r  t h e  c o n v e rg e n c e  i s  r e a c h e d ,  s t a n d a r d  d e v i a t i o n s ,  t h e o r e t i c a l  
c h e m ic a l  s h i f t s  a n d  R f a c t o r s  a r e  c a l c u l a t e d .
F ig u r e  28  i s  an  ex a m p le  o f  t h e  o u t p u t  o b t a i n e d  fro m  t h i s  p r o c e d u r e  
a n d  c o r r e s p o n d s  t o  t h e  c o m p e t i t i o n  e sq p e r im e n ts  b e tw e e n  n - p r o p y la m in e  an d  
DME, s h i f t  r e a g e n t  E u ( f o d ) ^ .
I N IT IA L  CONCENTRATION EOUIL IB KI Ui-l CQNCEN I HATIl'JH OBSERVED C A L C U L A T E D
CHEMICAL SHIFT OF CHEMICAL SO-SC
A R A-LN 8 -L N  " S ( 2 ) - L M  A RtSO)  SHIFT OF
i ( S C !
0 . 0 3 4 1 0 . 1 0 7 4 0 . 0 0 0 3 0 . 0 0 1 2 0 . 0 2 0  5 3 . 4 6 0 0 2 . 7 9 0 0 2 . 6 8 6 9 0 . 1 0 3 10 . 0 4 1 7 0 .  1007 0 . 0 0 0 7 0 . 0 0 1 9 0 . 0 2 4 7 3 . 5 3 0 0 3 . 2 5 0 0 3 . 2 0 3 7 0 . 0 4 6 3
0 .0 .5  36 0 . 0 9 0 3 0 . 0 0 2 9 0 . 0 0 3 8 0 . 0 2 8 ° 3 . 8 5 0 0 3 . 9 6 0 0 3 . 9 5 3 3 0 . 0 0 6 7
0 . 0 6 2 5 0 . 0 8  24 0 . 0 0 7 3 0 . 0 0 5 9 0 . 0 2 8 9 4 . 3 9 0 0 4 . 3 2 0 0 4 . 3 0 6 9 0 . 0 1 3 1
0 . 0 5 0 0 ' 0 . 0 7  ?6 0 . 0  216 0 . 0 1 1 6 0 . 0 2 6 ? 6 . 5 0 0 0 4 . 6 4 0 0 4 . 6 2 2 7 0 . 0 1 7 3
0 . 0 6 5 ? 0 . 0 6 5 8 0 . 0 3 0 6 0 . 0 1 3 * 0 . 0 2 3 0 7 . 3 7 0 0 4 . 6 7 0 0 4 . 6 2 0 4 0 . 0 4 9 6
0 . 0 7 ?F 0 . 0 5 7 5 0 . 0 4 2 1 0 . 0 1 5 2 0 . 0 1 8 8 8 . 3 0 0 0 4 . 6 0 0 0 4 . 5 7 2 8 0 . 0 2 7 ?
0 . 0 8 2 3 0 . 0 4 7  0 0 . 0 5 7 4 0 . 0 1 6 7 0 . 0 1 3 6 9 . 3 1 0 0 4 . 4  800 4 . 4 5 6 4 0 . 0 2 3 6
0 . 0 9  48 0 . 0 3 3 3 0 . 0 7 6 0 0 . 0 1 6 5 0 . 0 0 7  4 1 0 . 1 9 0 0 4 . 1 5 0 0 4 . 2 3 0 2 - 0 . 0 6 C 2
0 . 1 1 1 8 0 . 0 1 4 7 0 . 1 0 9 3 0 . 0 1 3 7 0 . 0 0 0 5 1 1 . 6 9 0 0 3 . 5 5 0 0 3 . 5 3 1 1 0 . 0 1 6 9
0 . 1 2  23 0 . 0 2 ° 0 0 . 0 1 1 0 0 . 0  026 0 . 0 0 7  6 4 . 1 6 0 0 3 . 5 2 0 0 3 . 5 4 9 9 —0 . 0 2  99
0 . 1 1 4 7 0 . 0 3 5 4 0 . 0 1 2 5 0 . 0 0 3 3 ' 0 . 0 1 0 ? 4 . 3 2 0 0 3 . 7 3 0 0 3 . 7 9 8 5 - 0 . 0o8 5
0 . 1 0  2ft 0 . 0 4 5 5 0 . 0 1 4 5 0 . 0  046 0 . 0 1 4 5 4 . 5 9 0 0 4 . 0 0 0 0 4 . 0 8 4 8 —0 . 0 b 4 i
0 . 0 9 3 9 0 . 0 5 3 1 0 . 0 1 5 7 0 . 0 0 5 6 0 . 0 1 7 8 4 . 8 1 0 0 4 . 1 5 0 0 4 . 2 4 4 0 - 0 . 0 9 4  J
0 . 0 7  57 0 . 0  687 0 . 0 1 7 4 0 . 0 0 8 1 0 . 0 2 4 6 5 . 3 4 0 0 4 . 4 6 0 0 4 . 4 8 2 1 - 0 . 0 2 2 1
0 . 0 6 7 ° 0 . 0 7 5 2 0 . 0 1 8 1 0 . 0 0 9 4 0 . 0 2 7 4 5 . 3 5 0 0 4 . 5  500 4 . 5 6 2 6 - 0 . 0 1 2 6
0 . 0 5 8 7 0 . 0  830 0 . 0 2 2 2 0 . 0 1 2 9 0 . 0 3 0 6 6 . 6 1 0 0 4 . 6 4 0 0 4 . 6 7 6 3 - 0 . 0 3 6 3
0 . 0 4 7  3 0 . 0 9 2 6 0 . 0 1 9 2 0 . 0 1 4 5 0 . 0 3 4 6 6 . 8 3 0 0 4 . 7 5 0 0 4 . 7 2 2 8 0 . 0  272
0 . 0 3 2 9 0 . 1 0 4 8 0 . 0 1 8 9 0 . 0 2 1 4 0 . 0 3 8  3 8 . 2 6 0 0 4 . 0 9 0 0 4 . 7 7 4 0 0 . 1 1 6 0
:R ENCE A HAS A FRF E CHEMICAL SHIFT F!F 3 . 3 9 5 0 , AND A CHEMICAL SHIFT FDR THE l - : l COMPLEX OF 8 . 4 8 U 0
EQUILIBRIUM CONSTANT 'CHEMICAL SHIFTS FOR
KA/KB 1 K82 FREE 3 B-LN B I 2 ) -LN
0 . 4 2 4 3 2 6 4 . 7 2 7 1 0 . 9 1 0 0 2 . 5 1 1 5 4 .  5827
IASD DEVIATIONS 0 . 0 5 6 8 4 6 . 1 6 5 1 * *  * * * * * * * * * * 0 . 0 3 5 5 • o cr
DERIVAT IVES - 0 . 0 0 0 0 0 . 0 0 0 0 ************ 0 . 0 0 0  0 0 . 0 0 0 0
STAt'-OARD DEVIATION OF AN OBSERVATION OF U N I T  HEIGHT 0 . 0 6 4 1
R FACTOR ( I N  PFRCEMTAGF) 1 . 3 5 5 8
PXFCUTION TERMINATED. EXECUTION TIME 1 0 . 2 8 2  SECONDS.




T h e o r e t i c a l  A n a ly s i s  o f  1 ;1  a n d  2 : 1  A d d u c ts  F o rm a tio n
T he p ro b le m  c o n s i s t s  i n  c a l c u l a t i n g  e q u i l i b r i u m  c o n c e n t r a t i o n s  
o f  e a c h  s p e c i e s  i n v o l v e d  i n  t h e  f o l l o w i n g  s y s te m :
Kl .L + R » L»R
„  (109)
2  -L*R + L 5 = ± L 2 *R
fro m  v a l u e s  o f  a n d  K2  ( t h e  e q u i l i b r i u m  c o n s t a n t s  i n  e a c h  s t e p )  an d
L a n d  R ( th e  i n i t i a l  c o n c e n t r a t i o n s  o f  t h e  s u b s t r a t e  a n d  t h e  s h i f t  o  o
r e a g e n t  r e s p e c t i v e l y ) .
L e t  x  = [L *r] a n d  y  = [ l 2 • R ] ; t h e  e x p r e s s i o n  f o r  t h e  K 's  w i l l  b e :
K1 = (R -  x  -  y ) (L -  x  -  2y) (110)
K2 = x  (L - Yx  -  2y) (111)
From  e q u a t i o n  1 1 1 :
K x  (L -  x )
v  = —  2  (112)
y  1  + 2  K2  x  1
T he p ro b le m  i s  r e l a t i v e l y  s im p le  s i n c e  i t  i n v o l v e s  r e s o l u t i o n  o f  
a  c u b ic  e q u a t i o n ,  t h a t  r e s u l t s  f ro m  s u b s t i t u t i n g  e q u a t i o n  1 1 2  i n t o  1 1 0  
a n d  r e a r r a n g e m e n t :
x 3  + P x 2  + Q x  + T -  0 .  (113)
w h e re :
A n a l y t i c a l  s o l u t i o n  o f  a  c u b ic  e q u a t i o n  a f f o r d s  t h r e e  r o o t s  o f  
86x ,  o n ly  o n e  i s  r e a l  a n d  h a s  p h y s i c a l  m e a n in g  (0  < x  < Lq a n d  0 < x  < Rq ) 
L e t :
> 23Q -  P 4q  = - s _ ----
P Q -  3T P 3  
r  =  27
b  -  ( q 3  + r 2) 1* (115)
s ^  =» ( r  + b ) * ^ 3
s 2  ® ( r  -  b ) 1 ^ 3
T h en :
1) F o r  Kx < 4K2
x  = s ^  + s 2  -  y  (1 1 6 )
2) F o r  K1  > 4K2
S , + s_  s ,  -  s_  _
<117>
V a lu e s  o f  y  a r e  c a l c u l a t e d  b y  u s i n g  e q u a t i o n  1 1 2 . C h e m ic a l s h i f t s  o f  L (SC) 
a r e  t h e n  c a l c u l a t e d  b y :
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SC -  5L free + IT  '* A1 + 2y A2» o
where 6, f , A , , and A_ are also known parameters and correspond to L free 1 2
t h e  c h e m ic a l  s h i f t  o f  L i n  t h e  a b s e n c e  o f  t h e  s h i f t  r e a g e n t  a n d  t h e  
c h e m ic a l  s h i f t s  o f  t h e  1 : 1  a n d  2 : 1  a d d u c t s ,  r e s p e c t i v e l y .
(118)
APPENDIX 8
Calculation of K's and A's for 1:1 and 2:1
A d d u c ts  F o rm a tio n  ( D i r e c t  D e te r m in a t io n )
L e t  u s  r e c o n s i d e r  t h e  s y s te m  o f  A p p e n d ix  7 ( e q u a t io n  1 1 9 ) fro m  
t h e  o p p o s i t e  p o i n t  o f  v ie w :
L + R 5 = ± L « R
k  ( H 9 )
2  ^L*R + L J = ± L 2 ' R
The p ro b le m  i n  t h i s  c a s e  w i l l  b e  t o  d e te r m in e  v a l u e s  o f  K ^ , A2
a n d  6  _ ( te r m s  d e f i n e d  i n  t h e  p r e v i o u s  a p p e n d ix )  fro m  a  s e t  o fL frG 6
e x p e r i m e n t a l  c h e m ic a l  s h i f t s  f o r  L ( 6 ^) a n d  i n i t i a l  c o n c e n t r a t i o n s  o f
L a n d  R (L a n d  R , r e s p e c t i v e l y ) . T he f o l l o w i n g  e x p r e s s i o n s  a r e  o  o
r e c a l l e d :
K1 (L -  x  -  2y) (R -  x  -  y ) o  o
K2 “  x  (Lq -  x  -  2y)
(120)
«L "  6L f r e e  + 1 7  <X A1 + 2y V  (121)o
The f o l l o w i n g  e q u a l i t i e s  r e l a t e  t h i s  p ro b le m  t o  t h e  g e n e r a l  p r o c e d u r e  o f  
A p p e n d ix  3 :
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W ith  t h e  i n i t i a l  g u e s s  o f  t h e  f i v e  unknow ns ( o r  t h e i r  v a l u e s  
a f t e r  a  s u c c e s s f u l  i t e r a t i o n ), c h e m ic a l  s h i f t s  o f  L (SC^) a r e  c a l c u l a t e d  
b y  t h e  p r o c e d u r e  o f  A p p e n d ix  7 .
The n e c e s s a r y  d e r i v a t i v e s  a r e s
dSC.i
r ~L f r e e3T T.  = 1 *
3SC. i  x
3A “  L 
1  o
3 i2
From  e q u a t i o n  1 2 0 :
a n d :
3k ,  3k ,  * 3k  a
3KX 3x  T y
8 k 2  „  -  ^ 2 . 5 *  *  J z
3k^ 83 * -  3x 3k^ 3y 3k^
3K1 „ 3K1 3* ,  9K1 J j r
ikj - °- - -sr jq + -57
3K2 , 3K2 dx „ 3K2 J i




A ls o  fro m  e q u a t i o n  1 2 0 :
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K
T 7  ■ - J  11 + Ki  <R0  '  *  "  Y) + Ki  (Lc  '  *  ‘  2y)1
3 k  K2
ri7  = —  [ 2  <RC -  x  -  y> + Lo  -  x  -  2 y ]“57
3 K 2  K 2
T 5 T  -  T  Ix  "  (Lo  "  x  “  2 y ) 1
9K2 K2
T y  = y (1 + 2 K2 x >
So t h e  s y s te m s  124 a n d  125 c a n  b e  s o l v e d  f o r  3 x /3 k ^ ,  3 x /3 k2, 3 y /3 K ^  a n d  
3 y /3 K 2 :
3K2








3 x  3 y
l i g  D
3 K 1
3y 3x
5 ^  ‘  —
w h e re  D i s  t h e  common d e t e r m in a n t  o f  t h e  s y s te m s  124 a n d  1 2 5 .
